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Abstract
THE FUNDAMENTAL MECHANISMS
INVOLVED IN THE PRODUCTION OF THIN
FILMS BY PULSED LASER

by Jeffery Ronald McKinnon

The discovery of high-temperature superconductors, coincident with the development

short wavelength excimer lasers, made the use of the lasers to produce the thin fil
the pulsed laser deposition process (PLD) a logical step.

The major thrust of research into high-temperature superconducting thin films has b

increase the effective thickness of the film, the area of the film or to produce lo

of film on a metallic substrate known as coated conductors. With this in mind we se
to establish a starting point from which we could address one of these areas.

When we looked at the literature we found that the reported parameters, for the
production of YiBa2Cu307-8, varied significantly. Most commentators reported
reproducibility of film characteristics for their systems but it was apparent that

lack of transferability between deposition systems. We believed that this indicated

underlying features of the process that were not currently being addressed. It seem
us, that a different approach was warranted.

The aim of this work is the description of these underlying features and the develo

of a useful model of the PLD process. The model, by making clear the key features of

process, should allow for the determination of the appropriateness of the process for the
production of films from specific combinations of elements or the development of
reasonable approaches to general processing problems.

To this end, the literature was searched and the data contained therein analysed for

characteristics of the process that are universally true. The facts about the process, t
together and restated in consideration of the aim, allowed for a model to be proposed.

model is comprised of several hypotheses which describe the fundamental interactions of
the laser with the target and of the ejectants firstly with the chamber atmosphere and
with the substrate.

The complex nature of the process, the time frames and scales involved and the absence
of some suitable instruments made the design of experiments to refute or prove the

hypotheses, in any absolute sense, extremely difficult. Nevertheless, several series of

experiments were undertaken to assess the validity of the basic hypotheses. Underpinnin
these experiments were some assumptions, as to what might be inferred from particular
target or film characteristics, about the process that created them.

We note that to a large extent the data that allows for the model to be proposed existe

within the literature and it is the reappraisal of the data in the knowledge of its var
and in the search for common themes that forms the basis of this work.

We conclude that the model stands on the existing data and that our work serves to
support this view.
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Chapter 1 Pulsed Laser Deposition Topic Review
1.1 Introduction
Pulsed laser deposition (PLD) has been used for more than ten years to deposit thin
films and, similar to other physical vapour deposition techniques the basic idea is

conceptually simple. One evaporates atoms of a material and then recondenses them. I
is useful to consider this simple statement so that one may maintain an overview of
objectives, however, any thorough examination reveals a complexity that seems to

increase the more you investigate. In 1996 in a review paper [1] a survey of the num

of publications where the title contained the keywords, "PLD" and "film" showed that

hundreds of papers were being written on this subject each year. A similar survey fr
1996 to 2001 shows that although reduced from a peak in 1993 of about 330 papers,

about 100 papers have been written each year. The original impetus was stimulated by
the discovery of high temperature superconductors (HTS) but the PLD technique has
been found to be applicable to the. deposition of a wide spectrum of materials.

Reasonably enough, the initial investigators were primarily interested in the YBCO a
the process itself was a secondary consideration. The experiments tended to explore

how the material characteristics could be optimised by varying the process parameter
Most investigators have managed to produce high quality YBCO films and have
reported on their procedure and process optimisation. Emerging from these

investigations was evidence that a wide range of processing conditions could produce
optimum YBCO films. Several review papers have been written [1,2,3,4] that

endeavour to identify the processing parameters and the nature of the interactions t
occur.

1
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1.2 Process parameters and interactions

In PLD there are many process parameters and interactions that have to be consi
It is the non-linear nature of the effects on the interactions, that varying the parameters
has, that makes the process so difficult to deal with, and yet it appears to be an intrinsic
characteristic of the process that stoichiometry is maintained. One has no recourse but
to look at the interactions individually, to initially discuss the effect of parameter
variation only to the extent necessary, and only after having described the major
interactions, to show h o w it is that there are many combinations of parameters that lead
to satisfactory evaporation and condensation. To this end, w e describe the process in
terms of three major interactions: The laser-target interaction, including the interaction
of the laser with the evolving plume, which is the evaporation stage. The plumeatmosphere interaction, which could be referred to as a conditioning stage and the
plume-substrate interaction, which is the condensation stage.

1.2.1 Laser Target Interaction including the interaction with the
evolving plume "The Evaporation Stage"
The evaporation of material is achieved by heating of the target material with an
excimer (excited dimer) laser. Lasers commonly used for P L D and their respective
wavelengths are shown in table 1.1.
Table 1.1 lasers commonly used for P L D
Laser

Wavelength

Excimer with ArF

193 n m

Excimer with KrF

248 n m

Excimer with XeCl

308 n m

Nd:YAG

1.06jxm

C02

10.6u\m

2
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Ideally, material is removed from the target stoichiometrically and the target remains

unchanged apart from the material removal. To facilitate this, the target is rotated s
that residue heat does not accumulate sufficiently to modify the target. The output
energy of the laser is determined by choosing the pumping high voltage (HV) of the
laser. As an example, the compex 301 KrF 248nm laser has an (HV) ranging from 24kV
to 32kV and, depending on the state of the gas medium, will produce energies between
400mJ and 1200 mJ per pulse. The output of the laser about 30mm x 8mm is focussed
through a section of cylindrical lens that has a focal length of 80cm. The dimensions
the focussed spot on the target are approximately 1.0cm x 0.2cm which gives a spot

area of 0.2 cm2. The laser fluence (())) is the energy input to the target per unit a
pulse. With a typical pulse energy of 500mJ and assuming 20% attenuation;
Laser fluence = pulse energy incident on target/ spot area (1)
$ = 400 mJ/ 0.2
§ =2 Jem"2 p"1

According to [5], the laser radiation interacts primarily with the electronic states
valence and conduction bands. The deposited optical energy is subsequently

redistributed over the various energy states of the system, mostly by carrier-carrier,
carrier-phonon, and phonon-phonon interaction.

The energy relaxation time (tR) is the time to reach a thermal energy distribution i.e
Fermi-Dirac and a Bose-Einstein distribution for electrons and phonons respectively
and is typically in the order of 10" s. The time for ablation, (tA), involves the
displacement of heavy elements and particles and because it is determined by
hydrodynamic and acoustic processes is much slower. When tA is much longer than tR

3

Pulsed Laser Deposition Topic Review

the temperature of the ablating material is a meaningful quantity. In this sense abla
is generally accepted to be a thermal process.

N.B. To say that this process is thermal does not imply thermal equilibrium for phase
and states but only for energy.
Time resolved optical microscopic images of a range of materials ablated with a
femtosecond 620 nm laser pulse reveal the formation of rings that look like Newton's
rings. Fig 1.1

We know that Newton's rings are associated with interference. The material ablated wa
to a depth of about 50 nm and the shape of the area ablated was associated with the

rings. The spacing of the rings was shown to be a linear function of the wavelength s
was not caused by a spatial profile. This does not imply that there is not a spatial
evolution as well. In fact the temporal evolution of the optical thickness i.e. the

evolution of the rings, allows for the calculation of the optical thickness profile a

hence the velocity of the relative motion of the interfaces. At the center this is ab
1,000 ms'1.

Essentially what happens is that for 120 femtosecond (fs) laser pulses the laser ener

deposited into the material faster than it can respond i.e. it is isochoric (occurs a
constant volume). The internal pressure goes as high as tens of giga-pascals and for

laser excitation energy just above the ablation threshold; the temperature rises to s
thousand degrees Kelvin [6]. The solid starts to expand over a time frame of

picoseconds and, as the pressure drops with the expansion, the system crosses into an

inhomogeneous region of liquid and gas. Across this boundary between the single-phase
solid and the two-phase coexistence regime there is a sharp change in the optical
properties. The front face moves away from its original position maintaining an

approximate liquid density and a rarefaction wave moves back towards what will be the
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boundary of the ablated material. These two faces become the optical surfaces that giv

rise to the interference pattern and the ablation layer assumes the structure of a gas
bubble. Further, the inhomogeneous phase consists of small liquid droplets surrounded

by the vapour phase. The rings evolve in situ as the optical path difference between t

front and back changes. N.B. the optical path difference is a function of the thicknes

and of the refractive index. The rings do not evolve like ripples in water. A most use

aspect of the work is that characteristic structures were seen to evolve on a range of

different materials so that they could confidently say that the underlying physics mus
be of a general nature.

Figure 1.1 Ring structure features shown to be c o m m o n to many materials. [5]

The thermal effects of pulsed nanosecond laser-irradiation of materials are determined
by the laser pulse parameters (spatial and temporal energy profiles Io(x,t) and the

wavelength (k)), by the optical properties (reflectivity (R), absorption coefficient (
and by the thermal properties of the material (thermal conductivity (K), latent heat

unit volume (U), specific heat per unit volume (Cv), ablation temperature (Tv) etc.). Th
5
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thermal diffusivity D = K/ Cv defines the thermal diffusion length (2Dtp)°5 where tp is
the pulse duration. The thermal diffusion length determines the spread of the

temperature profile during the laser pulse. The temperature in the target T(x,t) durin
laser irradiation is controlled by the heat flow equation given by [7,8]:
dT(x,t) d
dT(x,t)
K(T)
(T) 0(x,t)ae~ax (2)
+CV(l-R)I

dt

dx

dx

With appropriate boundary conditions that take into account the formation and

movement of the solid-liquid (or liquid-vapour) interface. Here x refers to the direc
perpendicular to the target surface and t refers to time. Most commentators

endeavouring to assess the laser target interaction take a similar approach. Difficul
and differences arise in the choice of boundary conditions. A n assumption m a d e by
Singh and Kumar [9], is that depending on the ratio of the diffusion length and the
optical penetration depth (1/oc) two separate regimes may be distinguished. They

suggest that if the diffusion length is much greater than the optical penetration dept
than a surface-heating regime obtains and if the reverse is true than volume heating

prevails. If the former is true, the surface is continuously ablated away throughout t

pulse. If the latter is true, a volume of material is heated which then responds. In t
volume-heating regime, they describe a sub-surface-superheating that m a y give rise to
explosive removal of material. In each case, absorption of the laser energy by the
ablated material removed from the surface will have an effect on the process.

M.Allegrini et al. [10] state that the dominant absorption mechanism, in the plasma, i
inverse Bremsstrahlung, which shows a quadratic dependence on the plasma density.
There exists good agreement between simulations of plasma heating through this
process and experimental results. Energy balance considerations reveal the existence
and relevance of additional energy absorption mechanisms of the ablated species.
Allegrini suggests:
6
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EL= Eabl + Epi + Ejon (3)
where EL is the laser fluence. For laser ablation of YBCO at EL = 1.8 Jem"2
Eabi is the energy required to break the bonds contained in the volume defined by the

laser spot size and a depth of roughly 50 nm (typical ablation depth per pulse) and is
about 1.0 Jem"
Epi is the plasma heating and is estimated from in situ reflectivity Epi = 0.6 Jem"2
Eion is multi photon ionisation Ei0n about 0.3 Jem"2
Significantly, the estimated figure for breaking the bonds in the typically ablated

volume is about the threshold fluence for the 248 nm laser [11,12] and also the typica

ablated depth of about 50 nm is of the right order to be the cut-off point for the ene

profile established within the material in femtoseconds to be attenuated to the thresh
fluence. Also noteworthy is the experimental evidence of [13] reported in [14] of
plasma absorption. If no plasma absorption is assumed, the ablation depth would vary

linearly with energy deposition. However, if a simulated value of the plasma absorptio
coefficient is assumed, the ablated thickness exhibits a parabolic dependence with
energy density consistent with experiment fig 1.2.

ENERGY DENSITY
Figure 1.2 Energy density Vs etch depth showing the non-linear relationship [14]
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Further evidence comes from both [15,16] and from references therein, where optical

diagnostics of the laser-target and laser-plume interaction using reflectivity suppor

existence of an ablation threshold as noted for YBCO at a fluence of about 1.0 Jem'2.
Optical emission spectra, obtained from the front of the plume, do not have the

constraints of side spectra or the problems of self-absorption of the emission by th

plume itself. Data may be gathered with the time delay (xd), the time after the initi
incidence of the laser pulse with the target, starting from zero. Data gathered and
analysed in accordance with the treatment of the Stark Broadening proposed by Griem

[17], where the observed line width A^ is linearly proportional to the electron dens

(ne) and inversely proportional to the square root of the temperature (Te), reveals la

values of ne especially in the first stages of the plume expansion (ne ~6xl018 cm"3 at
Td=5 ns). By this time, the ablation front has moved about 5 urn; ne decreases as a

function of id and approximately follows the linear scaling typical of a one-dimensio

expansion, in agreement with the theoretical predictions of [18]. On the other hand,
has a non-monotonic behaviour and attains its maximum value (=35000 K) for Td=15
ns, This data was obtained using a XeCl excimer laser (308 nm, 16 ns pulse duration

FWHM) i.e. the maximum temperature is obtained before the end of the laser shot. Thi
phenomenon can be understood considering that the plasma is heated mainly by the
absorption of the laser radiation through inverse bremsstrahlung [19]. The plasma
temperature increases as long as the laser pulse irradiates the plume.

To separate the PLD process into stages is as has already been said not consistent w
the real situation but it can be efficacious in understanding how the non-linear

influences fit together. With this idea in mind, the logical cut-off for the laser ta
interaction is the point where the evolution of the ablation plume starts to become
modified by the ambient conditions of the chamber atmosphere. Allegrini and Fuso
8
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[10,14], report that within the range of 75 mTorr - 300 mTorr of molecular oxygen,
they observe no difference in the optical emission spectra obtained for front spectra

up to about Td=l 10 ns. This is consistent with the reports of other investigators loo
at the evolution of the ablation plume and time of flight studies (TOF) for various
species up to a Td of one hundred nanoseconds. Geohegan, [20] reports that in 100
mTorr of oxygen the plume expansion dynamics are virtually indistinguishable from
that in vacuum for Td < 1,000 ns. (For the purpose of distinguishing the effects of
different ambient gases and gas pressures vacuum is usually defined to be the chamber
base pressure i.e. about 10"6 Torr). There is, however, clear evidence from several

sources [21] of the formation of a shock structure at Td-600 ns. This means that for t

first 100 ns or so the laser target interaction is, at least in terms of the plume evo
independent of the chamber atmosphere and pressure. Some further comments need to
be made on the effect of process parameters such as the laser energy, its spatial and

temporal profile, the optical path and the spot size and shape but although they appea

to be related to the laser-target interaction, and of course they are, they have major
influences on many subsequent events such as plume evolution and film formation and
the comments are left till a discussion may include all stages.

1.2.2 The Plume-Atmosphere Interaction or Conditioning Stage
At the end of the laser pulse i.e. (id) something greater than 15 ns and less than 50

we can describe the condition of the material influenced by the laser pulse but not ye
influenced by the ambient atmosphere. The best technique for this purpose is to use

emission spectra collected from in front of the target as opposed to those collected f

the side, because they do not suffer from the problems associated with self absorption

nor are they limited to a minimum Td determined by the placement of the data collectio
9
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equipment [8,9,14]. For Td =5 ns the front spectra indicate a strong continuous

background. The background tends to mask any discrete lines and is attributed both t

plasma transitions and to the merging into a continuum of the discrete emission line
due to plasma field broadening [9]. Increasing the Td value to 15 ns, the relative

intensity of the background, as well as that of the doubly charged ions decreases. A
the laser pulse the relative intensity of excited neutral atom emissions increases.
consistent with plume expansion and with the occurrence of recombination processes.
There is significant variation in the maximum temperature given by different
commentators. Calculations done on line broadening give the maximum temperature as

high as 35,000 K at 15 ns and after 100 ns this temperature has dropped to about 25,
K, which is more typical. [8] has the maximum temperature for ablation of Aluminium
as 22,000 K but says in qualification that the maximum temperature depends upon the

amount of deposited energy over and above that required for ablation, which will dif
with the material and system. So, at the end of the laser pulse say Td = 25 ns there
a volume of material roughly defined by the spot area times about 25 um, being the

distance covered by the ablation front at 103 ms"1. The temperature of the material i

probably between 10,000 K - 20,000 K and it is comprised of a stoichiometric mixture

of the target material, about 15% -25% of which is ionised. The atomic density of th

material has dropped from that of the solid by a factor of about 1000 to ~ 1019 cm"3.
pressure within the volume has dropped from a peak of ~ 10 GPa to about 0.1 GPa and
as such is about 104 times the chamber atmosphere pressure.

The atoms within this volume as it expands increasingly manifest the energy absorbed
as kinetic energy. The net effect of collisions is for the expansion to be greatest

direction with the greatest mean free path. Direct observation of the plume qualitat

confirms the broad aspects of the physical plume expansion i.e. that the plume expan
10
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plume normal to the target surface, but not so obvious for the dimensions of the spot

the target surface, however, the outline of material deposited makes it apparent. See
1.3 The plume expands primarily in the x direction and faster in the z then in the y
directions.

(a)

Laser spot on target
Shape of plume indicated on
the face of the heater

Figure 1.3 (a) elliptical spot on the target with the long axis in the y direction (b) elliptical deposition o
the face of the substrate heater.

A theoretical treatment by Singh and Kumar [13] assumes an isothermal temperature

distribution exists in the plasma when the laser beam is being absorbed by the plasma

and that an adiabatic expansion takes place after the laser pulse. By substituting th
relations for the velocity, density, and pressure they derived a solution for plasma
expansion in the isothermal regime which is given by:

X(t)

ldX

d2X

t dt

dt 2

IdY

d^Y

t dt

dt 2

= Y(t)

= Z(t)

ldZ

d2^

KTQ

t dt

dt 2

M

,t<T

(4)

where X(t), Y(t), and Z(t) are time dependent dimensions of the plasma in the three

orthogonal directions and T is the duration of the laser pulse. T0 is the maximum plas
temperature and M is the mass of the plasma species. The above equation determines
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plasma are of the order of mm in the transverse directions and UMns in the per

direction. As the velocities are controlled by the pressure gradients the expa

anisotropic. The equation also shows that in the initial stages of the expansi

expansion velocities are low, the acceleration is very high. Once the expansio

velocities increase, the acceleration starts to diminish and ultimately become

resulting in a commonly observed elongated plume. The assumption of an adiabat

expansion after the laser pulse and using an exponentially varying plasma prof
in modifications to (4) resulting in equation (5)

X(t)

"d 2 X(t)~
dt 2

~d 2 Y(t)~
~d2Z(t)"
= Z(t)
= Y(t)
_ dt 2
[ dt 2

KT0 Xp Y Q Z Q 1Y-1
M X(t)Y(t)Z(t)

(5)

The physical interpretation of which is that the dimensional differences established by
the end of the laser pulse continue to reinforce the highest velocities being

direction with the smallest dimensions. Notably, the calculated maximum veloci

an order of magnitude lower than that observed. Further modifications that ass
the density profile is a function of the specific heat capacity ratio produce

the basic equation [22] that accommodate the difference. This approach assumes

expansion, like supersonic particles escaping from a nozzle into a vacuum igno

effect of any ambient atmosphere except to say that as the background pressure

increased the plume expansion is governed by the gas phase collisions but thes
incorporated into the theoretical treatment. It is, therefore, limited in its
overall understanding. It does however, highlight the effect of the spot size

dimensions on the focusing of the plume. Under a large spot size, about 10 mm,
expansion is extremely one dimensional. For spot size dimensions of less than
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expansion is more three dimensional. These aspects will be shown to be central to some
of the unique characteristics of PLD.
Mathematical modelling using any technique involves the making of a number of
assumptions. The assumptions involve the boundary conditions and a mechanism for
change. Moving the model forward in time and assessing to what extent the predicted
outcomes of the model agree with experimental data, not only verifies the

appropriateness of the initial assumptions but supports a view that they do indeed ref
reality and allows for the possibility of the model uncovering other aspects of the
system. In Mathematical modelling of the plume evolution, the initial assumptions
usually involve two regimes, an isothermal expansion, driven by the temperature of a

surface up to the end of the laser pulse, followed by an adiabatic free expansion driv

by the temperature and dimensions of the volume containing the ablated species [13]. I
both instances velocities are controlled by pressure gradients. This general approach
broadly matches the experimental data but gives a maximum plume front velocity that
is an order of magnitude lower than that observed. Better matches have been obtained
by including: collisions between ablated species and ambient gas [23,24,25], dynamic
source effects [26], chemical processes of recombination and dissociation [27], time-

evolution of the surface temperature and hence the desorption flux [28]. Variations on
the precise method of incorporating the variables and approximations, lead to varying
outcomes, however certain comments can be made. Dynamic source and partial
ionisation effects can dramatically increase the front expansion velocity, which
becomes significantly higher than those predicted by conventional free expansion
models and in better agreement with experiment.
Ablation in high-pressure ambient gases results in shock waves and expansion fronts
propagating through the background gases. Fig 1.4 taken from [29] shows results from

3 0009 03300643 3
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2D gas dynamic modelling of the plume expansion. The light and dark reflect total

density contours. The images indicate time evolution from top to bottom. Significantly

density profiles exist in both vacuum and background gas, and that their evolution i
modified by the background gas. We note that the gross characteristics of the

expansions are remarkably similar to the light emission patterns experimentally detect
using a gated charged coupled device (CCD) camera [30 see fig 2].
Vacuum

Background Gas

Figure 1.4 Results from 2 D gas dynamic modelling: contours of density for plume expansion in vacuum
(left) and in background gas (right) as a function of time (top to bottom). [29]

Increasing the number of collisions increases the focusing of the angular distribution

towards the surface normal and increasing the number of chemical processes decreases

14

Pulsed Laser Deposition Topic Review
the focusing [31]. (Changing the size or aspect ratio of the laser spot on the target

influence the distance, hence time, between collisions in any given direction i.e. the
mean free path. In this way, a greater differential between the mean free paths
perpendicular to or parallel to the target surface will enhance and effectively focus

preferential expansion of the plume in the direction of the greatest mean free path. I

interpret, from Itina et al [32], that chemical processes of dissociation or combinati
act in the opposite way through either removing energy generally from the plume or by
adding energy, manifest as kinetic energy having no preferred direction, which
decreases the focussing).

Back-scattered atoms may stick to the target surface. This is a simplifying assumption
made in some models rather than a consequence of other assumptions but is significant
and will be discussed later.
The interaction of laser-ablated material with a low-pressure ambient gas reduces the
ablation plume energy without reducing the ablation yield.

An ablation plume is slowed by the presence of an ambient gas and the amount that it i
slowed depends on the pressure and molecular mass of the ambient gas.
A different style of model was proposed by [33] based on a combination of multiple
elastic scattering and hydrodynamic formulations. The plume is broken into orders

corresponding to the number of collisions with the background gas. While the particles

may be scattered forwards or backwards between orders, the densities in the individual
orders propagate to give the overall expansion (this is consistent with the density
profiles commented on above). What is also interesting about this approach is that it

explains plume splitting quantitatively for low-pressure ambients and it makes clear t
observed differences between helium and argon ambients. The authors justify the
approach by the excellent agreement with their experimental data but it has been
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criticised by [34] who says that the theoretical results are numerically inconsistent w
some of the experimental results and that the adopted model is too much simplified to
treat plume expansion that includes collisions.

There are several diagnostic tools to experimentally determine the makeup of the plume

including time resolved optical spectroscopy and time of flight mass spectrometry. The

former is particularly suited for the study of excited species, while the latter allows
analysis of charged parts of the plume. In addition, gated CCD spectroscopy can be

used to provide spatial information of the plasma dynamics. Also useful is a technique
known as two-dimensional laser induced fluorescence (2D-LIF) that allows for the

visualisation of the density distributions of the non-emissive species, which are thoug
to be the major constituents [35]. The LIF allows for 0.5mm slices of the plume to be
sampled at various values of Td for a range of distances giving both a temporal and a
spatial evolution of species within the plume [36].
There are a number of difficulties that arise in comparing and contrasting the detail
the experimental evidence. The precise understanding of the influences of the process
parameters is not sufficient for the results obtained from different investigators, to

quantitatively adjusted for their different experiments and data gathering configuratio
and in that way to be directly compared. Many of the values reported by investigators

are in terms of arbitrary units and the quantitative variations are relevant only with
their particular study. At all times it must be remembered that the luminescence

intensity does not necessarily correspond to the overall plume density, but is determin
by velocity or temperature dependent rate constants and their effects. The foregoing,

however, does not prevent one from extracting a useful description of the conditioning
stage based on the experimental data and results from modelling contained in the
literature.
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Geohegan [37], summarises the plume evolution and conditioning events and I will use

his description generally, but incorporate and append modifications and additions from

other sources where appropriate. The absolute values of quantities are not particularl

meaningful without quoting all of the associated conditions and are therefore given on
to provide a sense of the orders of magnitude involved.
The combined measurements make it clear that gas dynamic effects play a dominant

role in the formation and propagation of the pulse of ejectants. In vacuum, the plasma

emission initiates on the surface of the target and then separates into two components
An essentially stationary component occupies a region out to 1mm from the target

surface and emits detectable light for Td = 2 jus. Optical absorption spectroscopy rev
high densities of non-emitting neutrals and molecules at times much greater than the
plume fluorescence in the stationary region, implying slowly moving, stopped or

negative going species resulting from collisions in the dense initial expansion near t
target. A second component expands nearly one dimensionally for the first 0.5 ps and
then expands freely in a highly forward directed pattern with a constant leading edge
velocity of=1 x 106 cm sec"1.
With an ambient gas the expanding visible plasma plume undergoes a transition in
space and time during the formation of a shock front. During the transition the
expanding plasma appears to have two components, an initial fast component that has
traveled at nearly vacuum speed and a delayed component. Ion probe waveforms show
these two components and the disappearance of the fast components as the shock front

consolidates. Images fig 1.5 [38] clearly show the effect of background gas pressure o
ion signals at 20/40/100 mTorr. Note the change of vertical scale and that with the

change in pressure the ion signal is slowed to arrive in about 30 (is and attenuate ab

95%.
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Figure 1.5 Time resolved ion signals form Y B C O plume recorded at different background oxygen

pressures: (a) 20 mTorr, horizontal scale: 5|xs/div; vertical scale lV/div (b) 40 mTorr, horizontal sca

5(xs/div; vertical scale 0.2V/div and (c) 100 mTorr, horizontal scale: 5u.s/div; vertical scale 0.1 V/d

In lOOmTorr of oxygen the plume expansion dynamics are virtually indistinguishable
from that in vacuum for Td < lps. The ejected species attain energies of 40-70 eV,
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within 1mm of target, and are thermalised over several centimeters. [39] quotes en
of Y+ of up to 250 eV. As the pressure of background oxygen gas is increased the

fluorescence from all species increases and signals of new gas phase species, such

YO, become evident. The plume boundary is slowed resulting in its spatial confinem

and the amount of material penetrating the background gas is attenuated dramatical
In 100 mTorr of oxygen after 1 ps, the intensity plots of ICCD images reveal the
establishment of shock-fronts image [40 fig 4]. Between 1 and 2 ps, emission is
dominated by the expansion front. ICCD images show the two component plume
coalescing into a common front which becomes considerably slowed. The plume

continues to slow behind the sharp front and by the time it is about 2.5 -3 cm fro
target the front velocity is about 6 x 104 cm s"1.
The propagation of a blast wave through a background gas where the mass of the

ejected material is small compared to the mass of the background gas set in motion
given by the distance-time relation;
'i^oOE/po)1^5 (6)'

where R is the distance traveled by the luminous shock front, E is the energy rele

by an explosion, p0 is the density of the background gas, t is time and ^0 is a con

[41]. This condition does not apply with PLD nevertheless an expression of this fo
called the power law model [42];
R = atn (7)

with a = 1.26 cm ps"n and the best fit n=0.49 gives good agreement for PLD pressur

after the first three ps. For low pressures and early times a classical drag force

gives better agreement with experiment. In this model the ejectants are regarded a
ensemble that suffers a viscous force proportional to its velocity through the
background gas. The equation of motion is;
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(8)

\) = -o0 exp(~P0 = \ ) 0 - (3JC

(9)

x = xf [l - exp(-P?)]

(10)

giving:

where pis the slowing coefficient and xf=x>0/$

is the stopping distance of the

plume. The drag model predicts that the plume will eventually come to rest, as a re

of resistance from collisions with the background gas, while the shock model predic
continued propagation. Neither model is completely correct and the extent of the
agreement with R-t plots of the front can be seen in fig 1.6 [43 fig 5].
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Figure 1.6 R-t plots of the expansionfrontboundary of the luminous plume along the normal to the
YBCO target measured from gated ICCD images [43].

Geohegan [44] makes the comment that experimentally, the plume "range" is limited by

attenuation more than slowing due to fhermalisation. I interpret this, from the con
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due to the reduction in emissions not emissive species. In other words the forwa
expansion seen is not reduced by collisions but by transitions. This is perhaps
with earlier comments on chemical combination reactions redirecting the plume
expansion.

In vacuum, the ion flux drops as d"L8, in near agreement with the expected d"2 d

detector of constant size at distance d from the origin of the expansion. Using
vacuum density of I0 the attenuation of the integrated charge was fitted to
I = al0expi-bd) in)

where b =NG represents the attenuation coefficient. The attenuation coefficient

found to depend linearly on the background pressure, fig 1.7, where the slope o

curve yields a general scattering cross section a 02 =2.3 x 10"16 cm2 for ion-ox
interactions for background pressures up to 300mTorr [45].
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Figure 1.7 Integrated positive ion charge transmitted through oxygen backpressures and measured by fast

ion probe along the normal to the YBCO target irradiated with 3 j cm2, 248 nm radiation. Fits to the da
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Figure 1.8 Normalised ion probe current waveforms measured at d = 5cm along the normal to an Y B C O
target irradiated with 3.0 Jem"2 248nm radiation in 0.01, 25, 50, 75, 150, and 200mTorr of oxygen [45].

In fig 1.8, comparison of seven normalized ion probe current waveforms of the plasma
arrival, obtained with a cylindrical copper Langmuir probe at d=5 c m and with ambient
oxygen pressures from 0.01 to 200 mTorr shows:
•

The existence of the fast ion component and its almost complete suppression by
1 OOmTorr of oxygen.

•

The value of the width and the degree of broadening of the waveform profile.

•

The increased time to traverse the 5 c m of the leading edge and the total time
for the ion count to fall back to low levels.

•

That the data is consistent with an ablation pulse duration of about 20 - 40 ps as
distinct from the laser pulse of about 25 ns.

N o comment is m a d e about ions originating from the laser atmosphere interaction;
however, plots of the integrated charge versus distance for different oxygen pressures
show this to be relatively insignificant.
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This stage of the process extends from the first influences of the ambient atmosphere

the expanding plume until the plume interacts with the barrier created by the substra
and its supports. Other significant aspects and their consequences within this stage
highlighted in the following.
Due to confinement of the plume in oxygen ion/neutral ratios were observed [46] to
decrease from approx 10 in vacuum to approx 5 in 60 mTorr of oxygen at 1.5 cm from
the target and 1 ps delay, providing further experimental evidence that the levels of
ionization of yttrium decrease as you move away from the target. Both ion velocities
and ion number densities decrease as the laser fluence is reduced. Typically ion probe
data yields maximum ion number densities of approx 5 x 1013 cm"3 at 3 cm for ablation
of YBCO at 1.6 Jem"2 Ba(II) and Y(II) number densities are each about 1 x 1013 cm"3 at

3 cm and the authors therefore estimate similar values for Cu(II). The rapidly expandi
front of the plume in both vacuum and low-pressure oxygen is dominated by ions. The
60mTorr of oxygen increases the local ion number densities as well as reducing the

ion/neutral ratio to <5 at 1.5 cm. At a fluence of 2.6 Jem"2 and in 180 mTorr of oxygen

the presence of the fast strongly forward directed ion component is no longer evident
has been completely suppressed and increased line widths [47] indicate increased
velocity components in the lateral directions at the front of the plume. For YBCO
produced in a mixture of oxygen/argon [48] in a pressure range of vacuum to 1 Torr
with fluences of 0.1-6.0 Jem"2, spot area 2x5 mm, emission spectroscopy of YO, BaO
and CuO at 200 mTorr and d=10 mm shows that the formation of YO is not seen in the
absence of oxygen ambient and appears minimal up to about 50% oxygen, Fig 1.9. The
BaO forms slightly later but still has about 5 times the intensity of the YO even down
zero ambient oxygen. The CuO signal is fast, is strongly peaked, is about 6 times
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oxygen/argon in the ambient.
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Figure 1.9 Time resolved spectral intensities of (a) Y O , (b) BaO and (c) CuO in the Y B C O plume [48].
The %'s relate to the % argon in the argon/oxygen mix.

A t this point i.e. 1 0 m m from the target, the Y O and B a O formation (signal) appears to
be dependent upon the oxygen partial pressure and not the total pressure. The C u O
signal is affected by total pressure not by partial pressure fig 1.10. Figure 1.9 and fig
1.10 are instructive but only having the data at 10 m m limits the ability to interpret
what's happening overall.
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Figure 1.10 Spectral intensity changes of (a) Y O and (b) C u O molecules as a function of the
argon/oxygen ratio percentage [48].

LIF of the plasma plume [49] for Y O , Ba, and C u ground state and emissive species
from YBCO with a fluence =1.0 Jem"2 at 250 mTorr oxygen show that the emissive
species appeared just behind the ground state species. The implication is that the
emissive species is being generated just after the ground state front. It is assumed

the temporal changes in the total number of the ground state ablated atoms or molecule

are due to oxidation during the gas phase. The copper data from this paper supports th

shock model applied to ions earlier. Data from [50] are consistent with scattering ove
extended distances in which ions and atoms in the ablation plume undergo collisions
with mean free paths approx 1 cm at 200 mTorr. Plume material is retarded from the
fast vacuum velocity distribution due to momentum transfer with the background gas as
well as other retarded plume material. This slowed material becomes observable as a
distinct second distribution only for a limited range of distances and pressures and
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indeed these ranges are different for different ambient gases such as oxygen, argon a
helium [51].
The typical target to substrate separation for PLD is about 40 mm - 70 mm. The

substrate is usually mounted on a heater of about 60mm diameter directly opposite the
target. The heater surface presents a solid barrier to the plume expansion. Most

investigators of plume dynamics have tended to look much closer to the target than th

and very few have had a heater or barrier in place to look for any influences it migh

have. In a paper [52] LIF is used to display the temporal and spatial distribution of

and BaO after a 248 nm laser pulse. Neither the pulse duration nor the spot dimension
are specified but they state the fluence as being between 0.9 and 1.0 J/cm measured
inside the chamber. The separation for films prepared on MgO prior to the LIF
experiment was 35 mm and the O2 pressure was 250 mTorr. They report the Tc as 90 K.
The laser used to induce the fluorescence was a sheet dye laser, which allowed the
space between 5 mm and 45 mm from the target to be investigated. The width of the

dye laser beam was 0.5 mm so the laser illuminates a slice through the plume. They ra
a series of pulses with and without a substrate in position. The substrate when

positioned was at 40mm from the target. At 100 mTorr and with no substrate in positio
their results show the evolution of Ba atoms away from the target, and that in 8 ps
approx 28 mm had been covered. This gives a minimum velocity of the ablated Ba of

3.5 x 105 cms"1. With the substrate in position and with other variables as before, th

propagates to just on 40mm in 18ps indicating that the material has been substantiall

slowed by the background pressure over the greater distance or by the positioning of

substrate. At 25, 32, and 40 ps one can see that the leading edge of the plume has be
flattened against the substrate, fig 1.11, and the author reports that a peaking was
observed in the Ba atom signal and there is a clear indication of a reflected pulse.
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Figure 1.11 2-D spatial distributions of Barium atoms with substrate for pressures of (a) lOOmTorr and
(b) 250 mTorr. The distance from the target is shown at the right hand side. A silicon substrate was
placed 40mm from the target surface.

The author reports the velocity of the reflected pulse was 0.72 x 10 5 cms"1 and the
incident pulse was 1.1 x 105 cms"1. It is not clear how much of the Ba reached the
substrate because the results were normalised, but what is clear is that Ba atoms did

reach the substrate and there is a reflected pulse. The author suggests that this is a

indication that the sticking coefficient of Ba atoms to the substrate is less than un

a pressure of 250 mTorr the flattening of the plume leading edge is not seen. This may

mean that the increase in pressure ahead of the Ba atoms reflects them before they get

the substrate or that BaO has been formed before the Ba atoms get that far. The latter
case is supported by the appearance of the BaO signal. The author reported that the

signal from the Ba atoms became stronger with an increase in pressure and suggests tha
this and the slowing of the propagation of the Ba atoms could be explained by the
establishment of an envelope of compressed Oxygen with BaO formed at the interface
and Ba atoms shielded from the oxygen by the BaO. BaO was not observed in vacuum.
The author is not specific about the observation conditions in vacuum but if the

observations were done as before i.e. with and without the substrate in position then
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absence of BaO indicates that the energies of the Ba and Oxygen in the plume are stil
too high to form the oxide at 40mm from the target. This paper therefore provides
evidence for a reflected wave, the formation of an envelope and minimum velocities.

The fact that films had been produced at 250mTorr in this system strongly supports th

view that they can be produced from molecules. Further evidence for a reflected pulse
comes from [53,54] who used the maximum signal from excited copper atoms (Cu*) at

fixed locations as a control. He fed this signal back into his process parameters, wh
would be adjusted automatically. By using a shutter at 61mm from the target they
investigated the effect of abrupt flight termination on the plume components. They

found evidence of changes to the time of flight data consistent with the rebounding o
species off the barrier. A Cu* single, time of flight peak recorded when the shutter
not in place was replaced by two peaks one occurring earlier one later then when the
shutter was in place. They concluded that faster moving Cu* components, that did not

register without the shutter in place had been supplemented by increased collisions ne
the shutter surface. This increase in collisions is probably associated with both
compression of the local chamber ambient and rebounding plume material.
Significantly both a peak at 61 mm and one at 38 mm were affected.

The end of the conditioning stage is arbitrarily defined as the point where the plume

starts to interact with the substrate. The condition of the plume species including th
energies, spatial distribution within the ablation plume as well as their degree of
recombination and rate of delivery to the substrate are determined by the non-linear
interaction of many process parameters. Indicative of the number and some of the

interrelationships of the parameters is the hierarchical model of [55] fig 1.12. In t

figure, the inputs that result in film stoichiometry and film morphology are called t
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growth constituents parameters. A major input to these are the plume constituents
parameters.

Figure 1.12 hierarchical model showing several layers of inputs that lead to film outcomes [55].

It is clear from the literature that optimum film characteristics may be obtained from
wide variations in parameter values and it is in how these parameters affect the major
inputs that their eventual impact on the film may be understood. These effects will be

discussed in the final section of this work. Typically, research papers written on this
stage comment on how varying the process parameters affects the film's characteristics
and any underlying interactions must be inferred. Inspection of fig 1.12 shows that
some parameters are inputs to both the plume constituents parameters and the growth
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constituents parameters. These include the target to substrate distance, the substrate
temperature and the chamber ambient. For the purposes of discussing the condensation

stage it is useful to assume that the dominant effects of the target to substrate dis
and the chamber ambient are on the plume constituent parameters and that those of the

substrate temperature are on the growth constituent parameters. In this way the input
the condensation stage may be reduced, to the nature and condition of the plume
constituents, the characteristics of the substrate and the substrate temperature.

1.2.3 The Plume Substrate Interaction or Condensation Stage
1.2.3.1 The nature and condition of the plume constituents
At typical deposition distances of 4cm-8cm and deposition pressures of 100-300 mTorr

of ambient atmosphere, the energies of the plume species are increasingly equilibrated

and are in the order of tens of eV. Some degree of recombination has occurred but it i
not clear what the proportions of the possible configurations are. According to the
report of Berardi [56] the plume contains all possible configurations of the four
constituents of the YBCO target including neutral atoms (Ba, Cu, Y, O), mono atomic
ions (Ba+, Cu+, Y+, 0+), monoxide ions (CuO+, YO+, BaO+) polyatomic ions and YBCO
clusters (Y203)+, (Ba203)+, (BaCuO)+, (YBaCuO)+, (Ba202)+, (YCuO)+. In [4] it was
reported that the heavier species occur by aggregation rather than by direct ablation
from the target.

1.2.3.2 The characteristics of the substrate

The overall requirement of a substrate is that it provides a suitable base for the fi
be formed. To satisfy this condition for the formation of c-axis YBCO [57], the

substrate should be chemically inert to all of the possible components of the plume. I
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should have a similar expansion coefficient over the temperature range of deposition
and application. It should have a surface structure with a symmetry and lattice

parameters that can provide, at least in some orientation, a template that will promote
epitaxial growth. It should present an homogeneously smooth, clean surface to the
impinging plume material. In some instances there are special requirements for the

substrate, such as low dielectric loss, depending on the film application. Added to the
are the considerations of physical toughness, size, availability and price.
There exist a number of candidate materials that satisfy each of these conditions to
varying degrees. The choice of which is best depends upon which criteria is seen as
most significant. The most successful substrates are oxides that give good chemical
compatibility and the most successful of the oxides are those with the perovskite

structure. This arises quite naturally, since the crystal structures of the HTS compoun

are closely related to the perovskite structure, giving a large number of coincident sit
(Coincident sites being atomic positions with the same or similar atomic sizes or
valences). The most commonly reported of these for YBCO are strontium titanate
(SrTiOs) and lanthanum aluminate (LaAlOs). The substrates with the perovskite
structure tend to be expensive and to have relatively high dielectric constants. There
also some concerns over twinning transitions within the processing range of HTS.
Within the non-perovskite oxide substrates the most common are magnesium oxide
(MgO), yttrium stabilized zirconia (YSZ) and strontium lanthanum aluminate
(SrLaA.10,4). The properties of the most common perovskite and non-perovskite
substrates are given in table 1.2. where the column headings Aa/a % etc. are the
percentage mismatch of the lattice parameters of the substrate with YBCO and e is the
dielectric constant. A more complete list of substrate materials is available in [58].
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offcut will be discussed in context.
Table 1.2 Properties of most common substrates for HTS thin films
Substrate

Structure Aa/a

Abft

Ac/c

%

%

%

e

Phase
Mp
Transf(K) (K)

SrTi03

P

+2.0

+0.7

+0.1

277 a

110b

2353

LaA10 3

P

-0.9

-2.2

-3.0

23

800 b

2453

MgO

Non-P

-9.0

-6.7

-7.4

9.65

—

3100

YSZ

Non-P

+3.6

+6.3

+5.8

25

—

3000

SrLaA104 Non-P

-1.9

+3.2

+3.8

17

—

1923

a
b

Room-temperature values
Second-order phase transition

1.2.3.3 The substrate temperature
The substrate may be heated either conductively through contact with a heater or

radiatively. It is usually stuck onto the heater with silver paste. In most insta
temperature is measured and kept constant during deposition using either a
thermocouple embedded in the back of the heater or an optical pyrometer. The

temperature range for the deposition of YBCO is about 550C° - 850C°. The absolute

limits depend upon several factors, but for a given set of conditions the minimum
temperature is the temperature below which the film is amorphous and the maximum

temperature is the temperature above which either no film will form or the film t
does form is of some high temperature phase drawn from the plume constituents.

1.2.4 Film Formation and Growth
Thin film growth is manifestly a non-equilibrium process which is driven by the

inequality in the chemical potentials, or supersaturation (Ap), of the vapour and

phases. PLD differs from other thin film growth techniques (CVD, MBE etc) in that
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pulsed nature leads to an oscillating Ap [59]. The maximum value of Ap and the shape

of the graph of Ap versus time are not controlled by the repetition rate of the laser.
rate of delivery of material must therefore be resolved into two separate concepts.

Varying the repetition rate of the laser pulse allows more or less time between ablati

pulses for Ap —> 0 and for time dependent processes such as the in or out diffusion of
oxygen or the surface diffusion of adatoms to occur. Varying parameters such as the

total ambient pressure, the target to substrate separation etc, will vary the maximum a
FWHM of the ablation pulse number density of species (Ap) versus time. It has been
suggested [60] that the supersaturation varies as;
Ap = const x(Tm-T) (12)

where Tm is the melting point of the film. For oxide films, Tm is in turn dependent upo

the effective partial pressure of oxygen at the film surface [61] giving further indica
of the degree of complexity of this topic.
Commentators use several concepts to describe film growth processes. It is clear that

film formation involves the stages of nucleation of islands, growth of those islands a
their coalescence when they impinge upon one another. The formation of one
condensed phase on the surface of a second, pre-existing condensed phase is known as
heterogeneous nucleation [62]. The driving force for this to occur is the reduction in

free energy of the system. A commonly used approximation is to assume that clusters of
atoms can be described in terms of macroscopic thermodynamic properties and that the

total free energy of formation can be split into contributions from surface and volume
free energy changes. This is done so that the radius of a cluster that becomes more
stable rather than less, with the addition of another atom, might be calculated. The

concentration of clusters with the critical size, within any mix of cluster sizes, and

hence the rate of nucleation will increase as a function of the supersaturation ratio P
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straightforward but has a number of shortcomings that limit its usefulness. The chief
among these is whether or not clusters of a few molecules can be described in terms of
macroscopic values of surface and volume free energies. There are several other
problems as well, see [51], but the consequences are that even in homogeneous

nucleation where although the general prediction of an apparent critical supersaturatio
for condensation has invariably been observed, quantitative agreement with any of the
theoretical treatments is lacking. In heterogeneous nucleation, as for the case of thin
film growth, the agreement is much worse. It is suggested that this is because the very

high, imposed supersaturation which, occurs in thin film deposition in general, leads to

the critical radius being less than that of a single atom. By its nature, PLD is an even

more extreme case and this style of treatment is virtually useless as far as quantitativ
assessments are concerned.
The lack of quantitative agreement with the predictions of the Vollmer-Weber theory

does not prevent the qualitative picture that emerges from it, from being useful; When a
cluster sits on a substrate surface its shape is that of a section of a sphere with the
contact angle 0°, fig 1.13, being determined by the relative magnitudes of three

interfacial free energies: the surface free energy of the film yf, the surface free ener
the substrate ys, and the interfacial free energy between the growing film and the
substrate ySf [63].
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Figure 1.13 clusters wetting a substrate surface to various degrees
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(ysf + Yf)<Ys> (13)
2D growth is favoured [64]; otherwise 3D growth (Vollmer-Weber) occurs. A third
mode, known as Stranski-Krastinow growth, is associated with the transition from 2D to
3D growth [65]. See fig 1.14. Conventionally, this transition is attributed to the
development of misfit dislocations where the pseudo-epitaxial layer persists to a
thickness that depends on the degree of lattice misfit [66].

V ollm e r - W eber

3D

F r a n k - v a n der M erw e 2 D

L a y e r by layer

S transki-K. rastanov
2 D to 3 D

Step flow

growth

Figure 1.14 Various growth modes of thin films

This view does not fit all of the experimental evidence as 3D growth is observed in the
absence of dislocations, and also in circumstances where the above relationship would
suggest a 2D growth mode such as homoepitaxial systems like Pt-Pt [67].
It is difficult to get any direct evidence of what is happening when the plume species

interact with the substrate or the surface of the growing film. Experimental results [

are referred to where the lattice parameter of a substrate was varied so that the growi
film was under tension or compression and it was found that an increase in roughness
interpreted as 3D growth was favoured under compression for mismatches of about
1.4%. For films grown under tension the growth mode was flat.
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The elastic model proposed, says that the existence of an adatom distorts the surface,

and it's preferred location will be the one that distorts the lattice the least. The nat
and extent of the distortion is determined by the relative lattice parameters of the
forming film and the underlying substrate. The implication of the model is that the

overall lattice distortion of an existing island is altered by the addition of an adatom

that it is this that will result in attraction or repulsion of the adatom. The conclusio

the paper are that 2D step flow is not generally favoured. If the kinetics allow for 2D
growth it would most likely be through multi-nucleation of small islands resulting in
layer-by-layer growth. Generally, monolayers in compression seem to resist 2D growth
elastically. Adatoms landing on small islands have a higher probability of moving down

a descending step but this is generally resisted by the existence of a Schwoebel barrie
(repulsion from the edge of a descending step).
On the basis of the elastic interaction alone, step flow growth becomes a possibility
only in the case of islands under tension i.e. the lattice parameters of the film are
smaller then those of the substrate.
Beyond the underlying principles of thermodynamics or reduction of strain energy are
the ongoing consequences of pre-existing or created structures. [69] suggests that
YBCO films nucleate at step edges on the substrate and grow laterally. At a few unit
cells thickness 2D islands are observed. When these islands grow towards one another

their relative heights are sometimes separated by the cell height of the substrate. This

may induce defects in the growth of the ongoing film as they try to coalesce. The effect

of substrate-off-cut are to produce step and kink edges on the substrate surface. The fa

that this influences the growth mode of films [70] verifies the significance of existin
structures on substrate surfaces, and of ongoing growth structures presented to adatoms.
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Dam et.al.[71] suggest that, for YBCO films, dislocations occur at the merging of
misaligned growth fronts and that the growth fronts misalign because secondary phases
have been overgrown. Using a process of repetitive wet etching and AFM they
determined the length and lateral distribution of edge and screw dislocations. The wet
etching forms etch pits at linear defects. They found most dislocations to be situated
around the 2D nucleation and growth islands, and that the dislocation density scales

linearly with the growth island density and in fact it appears to be the islands that cau
the dislocations.

The authors report that the dislocations form close to the film/substrate interface and
persist to the film surface parallel to the c-axis. They say that they are produced by
secondary phases that form during the first phases of growth.
The number of dislocations present in the substrates was checked and it was found that

the number density is 1 - 3 orders of magnitude lower in the substrate than in the film

indicating that the dislocations in the film are not directly inherited from the substrat

The number of dislocations in the film is not determined by the degree of misfit becaus
it can be tuned by growing larger or smaller islands. Comparing the number of
dislocations on MgO and STO misfit 9% and 1.5% respectively and finding them to be
roughly the same confirmed this.
Comparison of the density of Y203 precipitates shows that a density of about 22um"2 is
about three times the dislocation density about 8pm"2 i.e. not all precipitates generate
dislocations. Preliminary experiments on the first stages of growth confirm the
precipitate induced dislocation formation mechanism. Preferentially depositing Y203
and forming 60 pm"2 precipitates resulted in increasing the formation of dislocations
from about 10 pm"2 to 40 pm"2 which, suggests that the secondary phase particles
induce the formation of dislocations with an efficiency of roughly 50%. The lateral
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distribution of dislocations is non-random which is consistent with a diffusioncontrolled formation of precipitates of secondary phases.

Commentators [72], refer to spiral growth as seen in fig 1.15 (a) as 3D and the discre

terraced layers seen in fig 1.15 (b) as 2D. It is generally accepted that the spiral grow
occurs through the preferential incorporation of adatoms at the persistent step edges
provided by screw dislocations. A full treatment of this proposition is given by [73]
pp.304-309.
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Spiral growth 3 D

Terraces 2 D

Figure 1.15 S T M images of Y B C O films showing in (a) spiral or 3 D growth and (b) terraced or 2 D
growth [72].

Most commentators on film growth mechanisms make an implicit assumption that the
films grow from the incorporation of individual atoms. [74] states that the film can
grow from the addition of individual atoms or from clusters of atoms. The adatom or
cluster will have a certain degree of mobility on the surface and it must either form
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diffuses to coalesce with another structure the time it takes to relax or coalesce depen

upon its size and the size of the structure it is coalescing with. If the arrival times
between clusters, which have to be accommodated in the growing film, are less than the

time it takes for clusters to relax then the structure can't relax and a spidery type o
structure grows. The underlying assumption here is, that the relaxed state is an island
with a round boundary. If the clusters from which the film grows are small their
mobility will be high and their relaxation time will be short leading to the growth of
large islands of essentially circular shape. For a given deposition rate however if the
cluster size is smaller the time between arrivals is shorter and a competition exists
between these two fundamental variables of the growth process. From what the authors

say the relaxation time is a more slowly varying function of cluster size than the arri
time is, so that as the cluster size is increased there is a crossover in growth modes.

There also appears to be a correlation between the cluster size and the width dimension

of the growing arms so that the cluster size could be estimated. This appears to be the
basis of a very good apriori argument for the typical mechanism for the addition of
species to the growing film. In the same work, and consistent with the generally
accepted view, the presence of surface defects has been shown to reduce diffusion and

hence increase nucleation. Higher substrate temperatures will also aid diffusion and we
have seen with the YBCO that below a certain temperature there is evidence of cation
disorder but this may not be a function of surface diffusion, or at least not only, but
the energies of the adatoms. An important outcome is that the incident cluster size and
the density of surface defects constitute important parameters for producing different
island morphologies.
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1.2.5 Particulates
Most of the literature reporting on the incidence, formation and minimization of
particulates has been done in the context of YBCO films. Any surface feature on a film
greater than 0.1 pm and less than about 10 pm may be called a particulate [75]. Most
particulates are less than 2 pm. The composition of the particulates is usually
determined by energy dispersive x-ray microanalysis (EDX) and, because the footprint
of the electron beam and the depth of penetration are often larger than the diameter of
the particulates, only qualitative statements can be made. Proyer et al [63] describe 11
different particulate morphologies for YBCO with three basic chemistries:
(1) Very large (up to 10 pm) angular particles associated with high fluences that
have the 123 stoichiometry and which, are thought to be directly transferred
from the target.
(2) On thicker films fairly large 0.8 - 3.0 pm, roughly spherical with pronounced
surface structures also stoichiometric particles that are thought to have
originated as droplets and are covered in misoriented YBCO to a depth that
obscures any non-stoichiometry.
(3) Three morphologies, spherical, octagonal and facetted all Y rich and Cu poor,
are thought to originate from the target because particulates of a similar size,
shape and chemistry are seen there. The morphologies could be evolutionary
stages of initially spherical droplets that grow and acquire particular substructure as they are incorporated into the film or are covered by subsequent
material.
(4) Rod like structures that are stoichiometric are thought to be a-axis oriented
grains because their incidence is associated with a-axis x-ray peaks. Their
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incidence does not seem to be associated with deposition conditions but is with
film thickness.
(5) A range of structures, all called outgrowths implying they begin their existence
on the film, including needles, platelets, irregularly shaped outgrowths and
tabular outgrowths all of which are Cu rich. The occurrence of these outgrowths
is associated with deposition conditions.
They are all undesirable for several reasons:
1) They prevent the formation of discreet layers for multi-layered applications
because they protrude above the surface and penetrate into adjacent layers.
2) They increase the surface resistance decreasing the film's usefulness as
microwave filters.
3) They usually are indicative of non-optimum conditions.

Their incidence is as high as 1010 cm"2 [76] and as low as 103 cm"2[77]. An incidence of
4 7 9

10 cm" is equivalent to 1 per (100 p m ) , which m a y be only one or two in thefieldof
view of a magnification that would allow the smallest sizes to be seen. The values
reported depend upon the method of observation and counting, and on the lower size

limit for features to be counted as particulates. Figures for the incidence of particula
from 105 cm"2 - 108 cm"2 are more typical.

It is, as has been said, arguable that any part of the process can be isolated from all
the others, however, there appears to exist in the literature sufficient evidence that
particulates may originate from any or all of the three stages of the process.
Adjusting the laser-target interaction parameters [78], modifying the target [79,80]

(denser targets give fewer particulates) or scanning the laser over the target [81] redu
the number originating from the target. The number of particulates on the film, that
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originate from the target, may be reduced by the use of mechanical masks [82] or
shutters or by changes in geometry, such as crossed plumes [83], which intercept or
deflect them before they reach the film.
Having established a particular outcome, for a given set of evaporation conditions,
variations in the nature and number of particulates can be made through modifying a
parameter that affects only the plume-constituent conditioning stage such as the target

to substrate separation or the ambient gas or its pressure [84,85]. Similarly, variations
the nature and number of particulates may result from varying a parameter that affects
only the condensation stage, such as the substrate, its surface condition or its

temperature [86,87]. Particulates may therefore come directly from the target as a result
of the ablation process. They may come from the deposition of droplets condensed
within the plume, or they may come from the formation of outgrowths on the surface of
the film.

For the purposes of this work, the importance of particulates is through the implication

of their nature and occurrence and how those implications may reveal certain features of
the process. Further comment is left until a later section.

1.2.6 Incorporation of Oxygen into YBCO
The PLD process is the central theme of this work and the process is considered in the
context of the production of YBCO. The effect of varying an individual process

parameter will be seen through the changes it produces in the resulting film properties.
In many instances the mechanism of this change can only be understood by
understanding how oxygen is incorporated into the film. It is usually assumed that to
produce Y[Ba2Cu307_5 by PLD, one must use an elevated substrate temperature and a
partial pressure of oxygen during growth, and then to do a post deposition anneal in
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much higher levels of oxygen to bring 8 to < 0.1. YiBa2Cu307_5 is often deposited by
PLD at oxygen pressures of < 200mTorr at temperatures > 800C0. According to the
thermodynamic stability diagram, 02 partial pressure vs. temperature, of Hammond and
Bormann [88] this should not be possible. Accepting the diagram as correct, the only
conclusion that can be drawn is that the nature of the process must accommodate the
requirements. Which means that it either raises the effective partial pressure of
molecular oxygen at the surface of the growing film or that a significant amount of
atomic oxygen is present at the surface and that the thermodynamic stability
requirements of the YiBa2Cu307_5 differ for atomic or molecular oxygen. The answer to

this question is central to an understanding of the role of the atmosphere in PLD and i
is addressed further in our work.
Having formed YiBa2Cu307_s, a post-deposition anneal in oxygen maximises the
oxygen content. According to Farnan [89] oxygen diffusion in the a-b direction is 4 to

times faster than in the c direction. The relaxation times at 600 °C are between 11 and
15 minutes. His data is consistent with a model in which grain boundaries act as

chimneys providing very fast diffusion paths along the c axis direction. Bulk diffusion
then takes place over a distance comparable to the grain size rather than the lateral
dimension of the sample.
Variations to the structure with oxygen content, which are discussed in chapter 2, are
reflected in the relative intensities of the (00/) XRD peaks. Ye, [90], discusses the

recovery of disorder, structural defects and under-oxygenation. He states that the rati

of I(006)/I(005) should be about 1.45 for films with perfect crystal structure and full
oxygenation. This figure is obtained from theoretical calculations using a structural

model of the bulk crystal after various corrections for thin films [91]. Oxygen deficie
thin films will have a value smaller than 1.45 and cation disordered films larger than
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1.45. If the ratio is about 1.45 and the c-axis lattice parameter is longer than 11.68
then lattice defects must be the problem.
The method of correction of these problems, and a verification of them, is by heat
treatment. If the problem is corrected by using an anneal at 600 °C then Oxygen
deficiency is indicated, (since cation mobility is minimal at this temperature). If this
doesn't resolve the problem but a high temperature anneal at 850 °C corrects it, then
either cation disorder or lattice defects or both are indicated.
The requirement during the deposition phase is then to ensure that a film of even
thickness, without secondary phase material is deposited. The high temperature anneal

must be close to the temperature at which the film starts to evaporate to obtain suffici

cation mobility. It has been suggested that it is possible to minimise the cation disord

by doing the deposition at a relatively high temperature. What is interesting is that th

temperature for recovery is higher; say 850 °C, than it is for initially avoiding the de

of disorder, say 750 °C. The authors suggest that the difference is the energy given t
the system by the incoming species.
Work done by Farnan et. al. [92] corroborates that of Ye and Nakamura [93] and they
conclude that the relative peak intensities can be used as reliable estimators of

oxygenation. They also found that for I(005)/I(00/), ratios for L = 4, 7 are both more

robust and more widely applicable than the L = 6 ratio. The 1(006) peak is however, th

least sensitive to disorder and the I(004)/I(006) ratio may be useful in indicating th

presence of structural imperfections in fully doped films. The intensities integrated ove
a range of three times the FWHM were assumed to include all of the peak intensity and
none of the background.
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Chapter 2 Background information
2.1 Introduction
Superconductivity is a state that many materials may experience. At a certain
temperature, called the critical temperature (T c ), the resistance of a material that exhibits
this behaviour drops below a measurable level, which means that the losses due to such
resistance fall to zero. All machines have losses and m u c h of their design and
requirement for associated infrastructure is determined by the necessity of minimising
these losses.
With the discovery in 1986 of high temperature superconductivity in mixed-valence,
copper oxides by Bednorz and Muller [1] there appeared to be a real chance that the
benefits of superconductivity m a y b e more generally applied.
Possible applications include all traditional areas of electric and electromagnetic
interaction as well as some, which take advantage of the sharp superconducting
transition with temperature or applied magnetic field. This would include, from
traditional areas, cables for transport of electricity, motors, magnets, transformers and
some less well known, such as energy storage, current limiters and superconducting
quantum interference devices. There are also solid-state applications, that m a y involve
single or multiple layers of superconductors, or superconductors with normal state or
even combinations with other novel materials such as those with giant or colossal
magneto resistance transitions.
Each of these individual applications will place specific and sometimes unique demands
on the system employed and there are particular characteristics of the different
superconducting systems that m a k e them inherently more or less applicable to certain
applications. Investigations into the nature of the n e w high temperature superconductors
have revealed characteristics, which continue to hinder their commercialisation.
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The commercialisation of high temperature superconductors has been difficult for many

reasons including the requirement for cryogenic technologies to maintain their operati
temperature, but an equally difficult problem arises from the brittle nature of the

materials of which they are composed. Typically, electric machines require an extended
current pathway. To produce an extended pathway from a ceramic superconductor a
process has been developed, powder-in-tube (PIT), in which precursor powder of an
appropriate superconductor is packed into a metallic tube (Ag, Fe) and drawn to
produce a filament of silver with embedded superconducting ceramic. A number, up to
about 50, of the filaments are placed into a larger metallic tube and the ensemble is
drawn again and rolled. The result is a metallic tape that has inside a material with
current path of interconnected grains that will become superconducting under specific

conditions of temperature and applied magnetic field. The principle of this approach i
in fact known as the Kunzler Method [2]. Significant development has taken place in
the preparation of the precursor powders, the choice and preconditioning of the sheath
material and subsequent heat treatments [3].
Depending on the design of an electric machine the self field due to current in the

machine will contribute more or less to the total applied field and this at various po
and at high enough fields may lead to the local and then general destruction of the
superconducting state [4]. The current characteristics of commercially available
superconducting tapes make them unsuitable at 77K for many electrical machines with
perhaps the exclusion of transport cables. At the present time, efforts are continuing
improve the in-field performance of superconducting tapes.
There are several different high temperature superconducting systems, nearly all of
which are ceramics and copper oxide compounds [5]. The bismuth, strontium, calcium,
copper and oxygen (BSCCO) systems, as used in the tapes, both Bi-2212 and Bi-2223
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phase, are unsuitable for many electrical machines because of their in-field
characteristics at 77K [6]. The BSCCO system has been one of the most intensively

studied and its particular shortcomings point to another: the yttrium, barium, copper a
oxygen (YBCO) system as perhaps being a better candidate for commercialisation, at

least in those areas where self-field is a problem. This is so even though the Tc of th
YBCO at about 90K is lower than the 11 OK Tc of the Bi-2223 phase because the
YBCO appears to have much better in-field characteristics at 77K. There is a catch

however, and that is that the requirement for uniform orientation of the grains in the
YBCO system is greater than in either of the BSSCO system phases. The tolerance for
in-plane as well as out-of-plane misorientation is minimal. The "Powder in Tube"
process cannot be used because the requirements for grain alignment are not satisfied.
seems necessary that the solid phase of the YBCO superconductor must come from a
liquid or vapour phase and that the uniform orientation be acquired via the influence
an appropriate substrate. To this end, various techniques of deposition onto such a
substrate have been and are being investigated.
The research on Pulsed Laser Deposition, (PLD), was carried out primarily in the
context of the YBCO superconducting system and although the emphasis is on the
process and not the product, the product i.e. the YBCO film in particular and
superconductors in general must be understood to the extent that the goals of the
process are clear.

2.2 Basic Concepts
2.2.1 Pulsed laser deposition

One of the techniques for the deposition of thin solid films is pulsed laser deposition
this process, a pulse of laser light is focussed onto a target made with the same
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stoichiometry as the desired film. The target is located in a vacuum chamber into which
a particular atmosphere may be introduced. The energy from the laser is deposited into
such a small volume and at such a rate that the bonds of the solid are broken and a
plume of vapour is created perpendicular to the surface of the target. A suitable

substrate is positioned in the chamber in a location and orientation that will facilitat
growth of a thin film of the ablated material.
There are many techniques for creating thin films but in PLD, one has the capability of
preparing a target with the stoichiometry of the desired film and the unique
characteristics of PLD, under appropriate conditions, maintain the stoichiometry
throughout the process. This particular characteristic of PLD, which separates it to
varying extents from other processes that require allowances for differences in
individual vapour pressures, has not been adequately explained.

2.2.2 Conductors, Non-conductors, Semi-conductors, Superconducto

The capacity of a material to carry an electric current depends upon its chemistry and i
geometry. Its chemistry, because this will determine the number of charge carriers
available to respond to an applied electric field and the inherent resistance to their
motion and its geometry because the resistance of a material is an extensive variable
which is inversely proportional to cross sectional area and directly proportional to
length.
All materials are made of atoms and all neutral atoms have associated with them a
number of electrons equivalent to the number of protons in the nucleus of the atom. The
electrons associated with the atoms of each unique element are arranged into certain
allowable energy levels. The arrangement of the electrons of the atoms of each element

will determine the physical properties and characteristics of the element. In particular
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one can say that it is the extent to which the outer electrons of each unique atom are
bound to that particular atom that determines its behaviour when associated with other
atoms of the same element or with those of other elements.

The Pauli exclusion principle states that no two material objects, such as electrons, ca
exist in the same place and time. When an atom, whose electrons exist at particular
energy levels, associates with another atom, the interaction results in the shifting of
allowable energy levels of each. When large numbers of atoms are involved, what were
unique energy levels become allowable energy bands. The extending of an upper band
and of a lower band will result in the upper allowable level of the lower band and the
lower level of the upper band becoming closer together. The occupancy of these bands
and the gap between them, for each particular association of large numbers of atoms,
will determine the electrical characteristics of that association.
We can define for every element in it's solid state, a valence band and a conduction

band. In it's lowest or ground state energy the allowable energy states are successivel
filled. This results in a range of outcomes that depend on the number of electrons
involved. If the band with the highest energy electron is completely full, there is a
minimum energy that this electron must absorb to be promoted to the next allowable

level. If the band with the highest energy electron is only partially filled, there exis

energy levels only minimally separated from that of the highest energy electron, and it
may absorb small amounts of energy. The conduction band corresponds to the lowest
unfilled energy band, which may in fact be empty. The valence band is the energy band
below the conduction band, which by definition in the ground state is full. The
consequence of having electrons in the conduction band is that they are relatively
loosely associated with particular atoms and are therefore responsive to an electrical
potential difference. The electrons of the conduction band, for the same reason, may
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absorb thermal energy and move about the structure interacting with each other and

with the structure. Atoms with a partially filled outer band are conductors, those with a
full valence band and a large energy gap to the next allowable band, the conduction
band, are insulators and those with a small gap, relative to the energies of thermal
excitations, between the valence and conduction band are intrinsic semi-conductors.

A given material is a better or worse conductor of electric current to the extent that it

has charge carriers that can respond to an electrical potential and to the extent that th

motion of these charge carriers, is hindered by interactions with other electrons, with t
lattice and with lattice defects. The charge carriers are usually electrons, however
promotion of electrons from the valence to the conduction band not only increases the
number of available electrons in the conduction band but also leaves holes in the
valence band which may be thought of as charge carriers moving in the opposite sense.

In a conductor, which has electrons in its conduction band in the ground state, electrons
are also free to increase their thermal motion by the absorption of heat energy. An
increase in temperature leads to greater thermal motion of conduction band electrons,
which reduces the electrons capacity to respond to the applied potential, i.e. an
increased resistance. In an intrinsic semi-conductor, increasing the temperature
promotes more electrons into the conduction band, which increases the availability of
charge carriers and reduces the resistance. Clearly once electrons have been promoted
into the conduction band they are also free to respond to thermal influences but this is
less significant effect than that of the increase of charge carrier availability.
It is therefore to be expected that decreasing the temperature of a conductor decreases
its resistance, and indeed this is what is found. In many materials, however, as the
temperature is decreased a temperature is reached where the resistance abruptly falls to
immeasurable levels. The existence of this effectively zero resistance condition cannot
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be explained simply in terms of the presence of conduction band electrons nor in the

reduction of thermal influences or lattice vibrations. These changes vary smoothly with
temperature and cannot be the cause of the abrupt change that takes place. A unique
mechanism of electrical response must be occurring. When a material exhibits this
behaviour, it is said to be in the superconducting state.

2.3 Superconductivity
2.3.1 Introduction
Kammerlingh Onnes discovered the superconducting state of matter in 1911 while
investigating the low temperature resistance of mercury and the Tc was about 4K. Many
materials were found to become superconducting over a range of temperatures but as of
1986, the record was for NbSn3 at about 33K.
The advantage of using superconductors was obvious but they had to be cooled with
expensive liquid helium and for most applications, this was physically impractical or
prohibitively expensive.
In 1986, a ceramic compound that had a Tc of 11 OK was discovered. Many more
compounds followed with the highest Tc being 165K in a mercury system. These
compounds were typically layered cuprates, which formed copper oxide planes on one
axis and copper oxide chains on another. The plains are often separated by rare earth
atoms such as barium or bismuth and sometimes by series 5 elements such as strontium
or yttrium. Other elements may be involved but oxygen appears to tie the overall
structure together. The occupancy of oxygen sites affects the internal stresses of the
material by altering the separation of the CuO planes and appears to create the
circumstances that lead to superconducting properties.
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The way appeared open for the widespread utilisation of superconductors because this
relatively high temperature Tc allowed cooling with cheap liquid nitrogen. This has not
eventuated.

Material in the superconducting state is not merely a perfect conductor; it also has the

property of being a perfect diamagnet. When a magnetic field exists in a region of space
that contains matter, the matter responds.
All matter because it is made of atoms is diamagnetic to an extent. This is because the
induced effects within the matter, in accordance with Lenz's law, create an opposing
magnetic field that reduces the net magnetic field within the matter. Matter with atoms
that have a permanent magnetic moment is paramagnetic. This means the internal
response is to align the atomic magnetic moments with the applied field and hence
increase the net magnetic field within the matter. Some paramagnetic materials show a
much stronger interaction between the individual magnetic moments, which leads to
whole regions, called magnetic domains, aligning with the applied field and greatly
reinforcing it within the material. These materials are said to be ferromagnetic. The
ferromagnetic and paramagnetic responses, if they exist, are typically much stronger
than the diamagnetic response.
When a material is in the superconducting state the application of a magnetic field
induces a diamagnetic response from the bulk material. This creates an internal
magnetic field equal and opposite to the applied field. The net internal magnetic field
matter in the superconducting state is zero. The induced internal magnetic field is

created, as are all magnetic fields, by the motion of charged particles. The ability of t
material to remain in the superconducting state depends upon its capacity to maintain
the net internal field at zero. This requires the existence of internal currents called
screening currents, which provide exact magnetic opposition to the applied field. The

58

Background information

ability of a superconductor to carry electric current with effectively zero resistance do
not mean that they can carry infinite current.

1.3.2 The Bardeen-Cooper-Schrieffer Theory [7]
Various mechanisms have been proposed to explain the origin of the superconducting
state and the concomitant behaviours. In 1956 Bardeen, Cooper and Schrieffer proposed
a model to account for the facts about superconductors that had been established up to
that time. Despite the fact that subsequent developments have uncovered shortcomings
of the theory there are strong reasons to believe that the basic postulates may still be
usefully applied [ref 8 see chapter 3 page 132 and references].
In the BCS theory, as it became known, pairs of electrons called cooper pairs; mediated
by the lattice, interact with one another such that the energy of the system is reduced.

This appears to contradict the concept of like charges repelling one another but it seems
to be analogous to the interaction of protons mediated through electrons to form H2. As

discussed earlier, the capacity of any medium to carry a current relies on the availabili

of charge carriers and the extent to which the motion of these charge carriers is affecte
by their specific environment. The theory proposed that the energy of certain systems
could be reduced if pairs of electrons with equal but opposite momentum and spin

interacted. The interaction, mediated through the lattice, would result in an energy gap.
The absorption of energy of less than the gap energy would not be possible and
resistance free current would be the result.
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2.3.3 The defining characteristics of superconductors
2.3.3.1 Critical temperature (Tc).
The number of electrons capable of forming cooper pairs is a maximum at absolute
zero. Increasing the temperature of a superconductor above absolute zero reduces the

number of cooper pairs available to act as charge carriers and by reducing the number of
possible interaction mechanisms available to the cooper pairs would also reduce the
energy gap. This gives rise to a critical temperature (Tc), which is effectively the
temperature at which there are no superconducting charge carriers.

2.3.3.2 Critical current density (Jc)
There is, as has been stated, a maximum number of superconducting charge carriers
available for any particular system at any given temperature and magnetic field. The
maximum current that any system can have is therefore the movement of this number of
charge carriers and any influence that exceeds the capacity of the superconducting

charge carriers to accommodate it, will force the system into the normal state. Currents
may flow in a superconductor in response to an electric field as a transport current or
an applied magnetic field as a screening current. The magnitude of the critical current
does not depend upon what stimuli caused it and a superconductor can be driven into
the normal state by transport or screening currents or a combination of the two.

2.3.3.3 Critical magnetic field (Hc)
The superconducting state may be destroyed by a sufficiently large applied magnetic

field, called the critical field (Hc), if the screening currents are unable to create an

equally large opposing magnetic field that would maintain the net internal field at zero
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2.3.3.4 Penetration depth (X) and coherence length (£)
To have the total dimension of the superconductor in the superconducting state would
require the screening current to flow in an infinitely thin layer. This is clearly, not
possible. The screening currents flow at the boundary of the superconductor to a depth
known as the penetration depth X, and the current density reduces as we move away
from the boundary. The parallel components of the magnetic field vectors are equal at

the boundary of normal and superconducting regions and fall to - of the applied field in
e
the distance X in accordance with,

B = B0e~* (1)
The superconducting to normal boundary is also characterised by a length £ called the
coherence length. The coherence length may be thought of as the spatial extent of the

electron-electron interaction or alternatively as the shortest distance over which there
can be significant change in the concentration of superconducting charge carriers. Its
significance is that it is a fundamental characteristic of each superconducting system
and together with the penetration depth defines how a particular system behaves.
The ratio of the penetration depth to the coherence length, called the Ginzburg-Landau
constant, k = A/£ determines several properties of the superconductor.

2.3.4 Type I and Type II Superconductors
2.3.4.1 Introduction

All systems exist in the lowest free energy state available to them and the existence of
stable boundary between a superconducting and a normal region means that the
superconducting and normal regions must be in equilibrium with respect to their free
energies at the boundary. There are two contributions that change the free energy of the
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superconducting region relative to the normal region. Due to the presence of the ordered
superelectrons the free energy density of the superconducting state is lowered by an
amount gn - gs, where gn and gs are the Gibbs free energies of the normal and
superconducting electrons respectively, and in addition, because the superconducting
region has acquired a magnetisation which cancels the flux density inside, there is a
positive "magnetic" contribution yP0H2 to its free energy density. For equilibrium
i 9

^ p 0 H c = g n - gs so that well inside the superconducting region the two contributions
cancel and the free energy density is the same as in the neighbouring normal region. At
the boundary, however, the degree of order (i.e. the number of superelectrons ns) rises
only gradually over a distance determined by the coherence length £, so the decrease in
free energy due to the increasing order of the electrons takes place over the same
distance. On the other hand the magnetic contribution to the free energy rises over a

distance of about the penetration depth A,. In general £, and X are not the same, so the
two contributions do not cancel near the boundary. The value of the surface energy per
unit area of boundary between superconducting and normal regions is approximately
jP0H2(£ - X). If this energy is positive then it is energetically favourable for the
system to minimise the area of boundary. The boundary exists at the surface only and
the superconductor is type-I. If the energy is negative then the system will exist in a
state that maximises the surface area of the boundary. To maximise the surface area the
magnetic field must penetrate the body of the superconductor and in so doing create a
mixed state of normal and superconducting material. Superconductors, which can exist
in a mixed state, are called type-II.
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More detailed treatments reveal that the sign of the surface energy and the possibility of

formation of a mixed state depends, strictly, not on whether the k of the material is less
than or greater than unity, but on whether k is less or greater than 1/V2
k < 0.71 surface energy positive (type-I)
k > 0.71 surface energy negative (type-II)

2.3.4.2 The critical magnetic fields Hci and Hc2 of a Type-II superconductor.
When a magnetic field, above a typically very small value called the lower critical field
(Hci), is applied to a type-II superconductor some of the lines of flux penetrate the
material. The normal cores about the flux lines are surrounded by screening currents.
This creates what are known as flux vortices about the flux lines. The flux vortices,

barring other constraints, arrange themselves into a lattice, and are uniformly distribute
throughout the superconductor. Increasing the applied field increases the flux density
penetrating the superconductor and, because each core is associated with a fixed amount

of flux, increases the density of cores until a value called the upper critical field (Hc2)
reached. At this point the flux vortices about the cores merge, and the material is no
longer superconducting.

2.3.4.3 The critical current (Ic) of a Type-II superconductor
If there are transport currents passing through a type-II superconductor in an applied
field, Lorentz forces, due to the interaction between the magnetic field produced by the
transport current and the applied field in accordance with:

F = qvxB (2)
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where q is the charge of the charge carrier, v is the relative velocity vector of the c

carrier to the magnetic field B, and B is the magnetic field vector, act on both the ch
carriers and the flux lines.

Sites exist in any real superconductor that are more favourable than others for flux li
to penetrate. For whatever reason these sites are favourable, and it maybe because of

defects in the structure such as, dislocations, impurities or voids, the flux vortices a
some extent pinned. Depending on the effective pinning potential of these sites an
amount of dissipative work is done if they move. Sufficient movement of the flux

vortices across the superconductor will create a potential difference along it and lead
a rise in temperature and the loss of superconductivity. For a type-II superconductor,

because dissipative work maybe done while in the mixed state, the critical current is n
dependent solely on the intrinsic superconducting properties and is set arbitrarily as
current which produces an electric field of lpV cm'1 in the volume of the
superconductor.

2.3.5 High temperature super conductors (HTSC)
2.3.5.1 General description
High temperature superconductors are typically extreme cases of type-II. They are
characterised by very short coherence lengths and longer penetration depths, which
means large values of the Ginzburg-Landau constant k. The atoms are arranged in

parallel planes and the superconducting and normal properties are anisotropic, with the

superconducting properties being stronger in the (ab) plane i.e. parallel to the planes
than in the perpendicular direction or c-axis (see Table 1.3 on page 43).
The upper critical field Hc2 can be extremely high as might be expected from the high
value of k. The high value of k arises more from the decrease in coherence length then
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the increase in penetration depth. The coherence length is about 1 micron in a pure type1 superconductor and about 5-15 Angstroms for the high temperature superconductor
YBCO. The penetration depth for the same pure type-I superconductors is about 400 650 angstroms and for YBCO about 1400 Angstroms.
In very weak fields at 4.2 K the HTSC have lower critical current densities then the
lower transition temperature superconductors such as Nb3Sn but as you increase the
field the critical currents of the latter fall away quickly where those of the HTSC
decrease much more slowly.

2.3.5.2 Grain connectivity and vortex pinning (general remarks)
At 77K bulk ceramic superconductors have disappointingly low critical currents.
In the bulk, supercurrents must cross the grains and the boundaries between them. The
critical currents are therefore determined by the intragrain and intergrain behaviour.

If it is accepted that it is thermal fluctuations that break up the cooper pairs and tha

the absence of any transport current or applied field the (Tc) is the temperature at whic

there are no cooper pairs then the existence of high temperature superconductors implies
stronger coupling which equates to a larger energy gap. It may be possible that for
HTSC the number of cooper pairs formed is much greater but this is not supported by
the relatively low (Ic) at 4.2K in weak fields. As has been seen it is the very large
reduction in coherence length that leads to a negative surface energy and the existence

of type-II superconductors, and it is also the short coherence length that appears to be
both a blessing and a curse in determining the intra and intergrain superconductivity.
Short coherence lengths allow for dense packing of flux vortices and hence large values
of critical magnetic field but they also appear to localise the superconductivity and
minimise the capacity to cope with any form of discontinuity in the structure.
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There is conflicting evidence as to where superconductivity resides in high temperature
superconductors [2] and no single model accommodates all of the experimental data.
This makes progress in understanding the mechanisms of intergrain coupling extremely
difficult.
The critical currents are determined by the onset of dissipative work that occurs when
flux vortices move. This in turn is determined by pinning within individual grains, by
coupling of grains to one another and by pinning at grain boundaries. Pinning within
grains is relatively weak because of the short coherence length \ and because of large
anisotropy. To be effective, pinning sites must be about the size of the vortex normal
core, evenly dispersed throughout the grain, and, they must extend between plains
resisting any 2D vortex motion. Defects that satisfy these criteria without adversely
affecting the underlying superconductivity are difficult to imagine and it seems
inevitable that HTSC with large anisotropy have weak vortex pinning and low
intragrain Jc
The couplings of grains are described as either strong or weak links depending on

whether the effective Jc across the junction is higher or lower than the intragrain Jc, b
this depends on aspects of the particular junction such as dimensions and angle as well
as the vortex pinning within the junction. Increasing the grain-to-grain contact area of
junction will, if all other factors are equal, improve the link. Increasing the angle of
contact between grains, in the YBCO system, is detrimental to the linkage, with large

angle misalignments generally leading to weak links. This relationship is not linear over
large ranges of angle and there are some large angles that produce strong links. The
capacity to accommodate grain misalignment seems to be an inherent characteristic of
each superconducting system and implicates the other intrinsic characteristics such as
penetration depth (X) and coherence length (£). For optimum Jc what is required is a
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degree of disorder at the grain boundary that is not sufficient to disrupt the flow of

supercurrent across the boundary, yet it is effective at pinning the flux vortices around
the boundary.

2.3.6 Measurement of Type-II superconductor characteristics
2.3.6.1 Introduction
All of the defining characteristics, including Tc, AT, Ic, Jc, Hc2, of superconductors may
be obtained from either transport or magnetic measurements and sometimes from both.
In some cases the data is measured directly and in others it is derived from the
application of models. The characteristics of coherence length £, and penetration depth X
are inferred from measured characteristics. The characteristic AT is the temperature
range of the superconducting to normal transition. It may be obtained from either
transport or magnetic measurement

2.3.6.2 Transport measurement
Transport measurements are done using a four probe technique with two current
contacts and two voltage contacts. Typically the current contacts are set far enough

apart so as to minimise any effects, such as heating at the contacts or stray currents, on
the voltage readings. The voltage contacts are set a measured distance apart so that the
critical current (Ic) giving a voltage drop of lpv cm"1 may be determined. From this

result and the cross section of the superconductor the critical current density (Jc) may b
calculated. The measurements may be done for different temperatures, with or without
an applied magnetic field and at different angles of the applied field. In this way
the field dependence and anisotropy of the field dependence may be ascertained.
Usually, very small currents are used to determine the critical temperature (Tc) and the
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resistance is calculated from the measured voltage drop and applied current over a rang
of temperatures including the (Tc). Reversing the current direction and averaging the
sum of the voltage drops eliminate voltages that may originate from any thermocouple
effects. Curves showing the relationships between all of the variable parameters can be
plotted and information about the presence of other phases, doping levels, grain
connectivity or pinning inferred.
The precise technique depends upon the system being measured and the equipment
available. Specific requirements for thin films and the rationale, underlying any
inferences drawn from such curves, will be discussed in the relevant section.

2.3.6.3 Magnetic measurement
The principle underlying the magnetic measurements was stated in the introduction of
this chapter. The response of material to an applied magnetic field varies from
reinforcing strongly; ferromagnetic, reinforcing weakly; paramagnetic, opposing
weakly; diamagnetic, and opposing strongly; which is strongly diamagnetic or

superconducting. There are a number of ways of eliciting this response and measuring it
but the basic approach is essentially the same.

The sample is placed inside a pickup coil inside a solenoid. The pickup coil is counter

wound for half of its length. The sample is positioned on the axis of the pickup coil s
that the induced emf, from the pickup coil/sample assembly, produced by a sinusoidal
signal in the solenoid, is minimal and may be zeroed. Different approaches may be

taken from this point; however, motion of the sample relative to this zeroed position in
the pickup coils produces an emf across the ends of the coil, with the coil now in a

constant field, which is proportional to the magnetisation of the sample. This allows fo

the generation of a curve for the relationship of magnetisation versus applied magnetic
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field. The overall characterisation assembly will typically include the capacity to
maintain a constant applied magnetic field, a variable size alternating current signal or
ripple to determine the magnetic response and a cryostat to control the temperature.
As stated previously, the critical current of a type two superconductor is the current
above which dissipative work is done, and this occurs when flux vortices move due to
the Lorentz force. Opposing the Lorentz force on the flux vortices is the flux pinning.
When flux vortices that have penetrated the superconductor are pinned, reversing the
direction of the applied magnetic field produces an hysteretic response. Sweeping the
applied field from positive to negative up to saturation magnetisation in each direction
produces an hysteresis curve. The shape and dimensions of this curve along with the
shape and dimensions of the sample allow for the calculation of Ic, Jc, Hci, Hc2. Varying
the sweep rate of the field and the temperature at which the sweep is performed allows
for the extraction of other more subtle characteristics of superconductors which will be
discussed in the relevant sections if they apply. Producing a plot of the a.c.
susceptibility versus temperature i.e. by determining the nature of the response signal
versus temperature, the critical temperature can be ascertained. If the driving signal is
sinusoidal the onset of a third harmonic in the response is indicative of a change in the
magnetic response of the material. The onset of an imaginary component in the response
is indicative of hysteretic behaviour and energy lost in the sweep. The real part of the
response x' reflects the diamagnetic behaviour and the imaginary part x'the energy
lost.
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2.4 Thin solid films
2.4.1 Introduction
A film is a thin layer of material. Typically it is placed over another material, the

substrate, either to separate the substrate from its environment as in protective coatin

like paint, varnish, galvanising or it is the properties of the film itself we want such

the electrical properties of semi-conductors or superconductors or perhaps in the optica
properties of the film as in tinted films to reduce the transmission of sunlight.
Films are called thick or thin not because of how thick or thin they are but because of
the way they are applied or produced. We say that a thick film is produced from a wet

or green film like paint where a solvent, which carries the constituents of the film and
allows for its application, dries off. A thin film is produced from a vapour phase i.e.
constituents of the film condense out of a gas.
The thickness of thin films ranges from that of an atomic monolayer up to several

microns. Not restricted to the definition for thin film formation are several methods [9

for the production of long lengths of coated conductor. The information is very useful i
positioning the PLD process within the spectrum of competing approaches. The full list
of approaches and the direct comparison of the attributes is shown in Table 2.1. The
conclusions of [9] based on the information in Table 2.1 as well as a utility/merit
analysis of the factors shown, were that there were four leading candidates. Two of
these came from solution growth techniques including Metal Organics Deposition
(MOD) and Sol-gel, and two from Physical/vapour phase growth techniques including
Metal Organic Chemical Vapour Deposition (MOCVD), and Pulsed Laser Deposition
(PLD).

In this work the particular area of investigation is the pulsed laser deposition process
itself and its efficacy in the formation of thin solid films of the high temperature
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superconductor, YBCO. For this reason the discussion on other film processes is limited
to those that, are either realistic alternatives for the production of YBCO films or are
also physical vapour deposition techniques which illustrate how (PLD) is different. The

depth of coverage of these other techniques is only sufficient to allow for their intrinsi
benefits and shortcomings to be highlighted.

71

^

II o0

o
w

^

o
, o
ft rt

LJ

1-1

«-J

ft
y
Hi
0
< HH ^)
0
II

n1

o

o
-t

* o 3
03 3
3

re
n
03

a-

rt

EL
re" 3 S
c
•a 3 3 SI

PS1
O v<

5 £T
rt
s
o p»

O

3 3 3

a-*
S_ »
O " Si.

23 P 2 8 o o »

3 Q

3 a

a TO
<? 3
s^B*-^
a
a

re 3
3 en

(a
O 3* g
c
3 re
3
PO
-• o3

EL £

3

B- 3

J (l

st a. 3 "> 3

•a 3
o rt
r+ rt
re o.
3
rt

3
rt
3

tr
rt
a

C

ft s=- rt

K
PC
OQ
ft

3

=r

OQ

O

5'^

3 p?
3-* rt
<»
3. o -i ,
si rt
n
OQ *< 3
& 3
rt

sEL
p

r-»-

re

cr o

o &
3<J

a.

1
a o
o
1
a
EB

P~

4

0
Hj

u
ON

u> to 5° u>
ui

to OJ
ui ui

u> to ^ , , ^ U>
ji U J ji •
Ul
Ul LA

u> to

u> u>
U) U) u> • • to

to Ji to

Ul

r-f-

ft

c-f
h^'

3

»
ar
t
1-+

»5

"

3 3

Ul
J^

Ul Ul

U) to

to to

Ul Ul

0
i-+

«5fK>

cr II
Co £t>
a §r
<!
ui O
i-t
ll a
a- &

PJ

LO U
U
U U liJ
Ul Ul Ul Ul Ul Ul

ON

-J

Ul Ul

Ul

Ji

U> U>
Ul Ul Ul

U>

o

JS.Ji.Ji.Ji.

M

W U

U ) U> U ) U> U ) u>
Ul Ul Ul Ul Ul Ul

w !° M !°

Ul Ji

Ji.Ji.Ji.JiJi.Ji.

Ji. Ji J^ Ji

OJ U)
Ul Ul

Ji.Ji.-Ji.Ji
Ul
Ul

UJ Ji. U ) U )

U) U)

I°LOtoN
Ul
Ul

Ji Ji

Ul

U> Ji.

Ul

U) to

to

a

ON
t^->

Ul

o
a

ON

Ji. J^

n>

o

Ul

Ji •
Ul

Ul Ul

ON

to
Ul

U) Ji

^ ^ r° y ^

Ul

u> to
Ul Ul

to

Ul

to

to to

to

Ul Ul

Ul

3
U)

^ ^

U)
U) U) U) •
Ul

U)

o

Ul Ul Ul

W

to
J , ^ Ji

h-»i

I
ft
Oq
O
O

a
o
zr
&

a

Ul
NO

Ul

Ul

u to to u
u
Ul Ul Ul Ul Ul

U> 4^

^ Ji
^
Ul

3 rT
rt to

en
a

a:

a

o

TO

cT rt*

I

Si.

3

o <
ft 0
•a a

-d
po
1
po

<•

ft

Background information
2.4.2 Solution growth deposition techniques for YBCO
2.4.2.1 Metal Organics Deposition (MOD)
In the MOD process, stoichiometric proportions of barium, yttrium, and copper acetates
are mixed in water with trifluoroacetic acid. The resulting mixture is dried and

redissolved in methanol to form an organic solution of trifluoroacetates [10] that is use
to dip coat a textured substrate. The coated tape is oven heated at about 200 - 400°C
under an O2 atmosphere to remove water of crystallisation and excess organic solvent
and to convert trifluoroacetate film to oxyfluoride form. Repetition of the coating and
baking operations may be required to achieve the desired film thickness.

2.4.2.2 Sol-gel
The sol-gel method is a solution growth technique and is void of energetic particles for
transport or vaporisation of precursor materials but rather uses a conventional dip
coating of a precursor bearing liquid that is subsequently dried and reacted. Based on
literature information [11] a gel solution containing precursors is prepared by mixing
organic solutions of Ba-alkoxide and Y-alkoxide in 2-methoxy ethanol, with the

solution of copper oxide in pyridine. Vacuum distillation and partial hydrolysis are used
to convert the organic solution to a gel solution of desired concentration and flow

characteristics for dip coating. It is believed that repetitive dip coating processes wil
required to produce film of uniform crystalline structure and desired overall thickness.
Between successive coatings, the deposited gel containing the precursors is pyrolyzed in
an oxygen atmosphere at 150-250°C to vaporise the organic solvent and to oxidise the
precursors.
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2.4.3 Physical/vapour phase growth techniques
2.4.3.1 Metal Organic Chemical Vapour deposition (MOCVD)
In MOCVD the yttrium, barium and copper are introduced as vaporised forms of highly
pure organic precursors [9]. A mixture of Y(TMHD)3, Ba(TMHD)2, and Cu(TMHD)2
(where TMHD stands for 2,2,6,6-tetramethyl-3-5 Heptanedionate) would be prepared in
an organic solvent mix that consists of tetrahydrofuran (THF), isopropanol and
tetraglyme. The product mix is believed to be very sensitive to trace levels of
contaminants and is correspondingly prohibitively costly for high purity. Application
the precursors is carried out in a MOCVD chamber maintained at about 600-850°C and
at a pressure of 1-10 Torr. The required N20/02 plasma is introduced from a plasma
generator tube and vaporised Y-, Ba-, and Cu- containing precursors are conveyed by
flowing N2 at about 230 °C to the deposition chamber.

2.4.3.2 Sputtering
In the sputtering technique the material to be deposited is made the cathode and the
substrate onto which the film is to be deposited sits on the anode. The assembly of
cathode and anode is located inside a vacuum chamber into which an inert gas such as

argon may be added. A glow discharge is established and electrons passing through the

inert gas ionise it. Ions of the inert gas accelerate towards the cathode strike it a
knock out atoms and ions from the surface. The atoms then deposit themselves where
ever conditions are favourable. The main process parameters are the separation of

cathode and substrate, voltage difference, temperature of the substrate and the pressu

of the inert gas. The obvious shortcoming is that the inert gas as well as any residu
from out-gassing may be incorporated into the growing film. In general, for a given
concentration of a background impurity, sputtered films will be more susceptible to
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contaminant species are dissociated as well as ionised by the glow and are therefore
reactive [12]. Since the contaminants are trapped in a growing film the arrangement of
the system can be such as to encourage this entrapment in an area of growing film prior
to the area where the film of interest is being grown. This process k n o w n as gettering
substantially overcomes the problems of contamination. There are m a n y aspects of the
general process that have been improved [13,14] and high quality Y B C O films can be
produced on single crystal substrates [15,16]. The underlying problems continue to
m a k e sputtering problematic with perhaps the most significant being the low deposition
rate. The optimum deposition rate for Y B C O is about 0.5 Angstroms per second [8]
making it non-viable for up scaling to production of coated conductor or significant
quantities of films on single crystal substrates.

2.4.3.3 Evaporation techniques
Evaporation techniques are not mentioned in [9] as being viable alternatives for the
production of long lengths of coated conductor. They are worth mentioning, however,
because consideration of their shortcomings highlights certain characteristics and
beneficial features of the other techniques.
The number of atoms evaporated (N e ) at equilibrium at temperature (T) will be
determined by the molecular weight ( M ) of the material and its equilibrium vapour
pressure (Pe) in accordance with:

(3)

Ne =

/
V

(2TIMKT)

This expression is derived from the argument that says at equilibrium the evaporation
rate must equal the deposition rate, that the deposition rate is proportional to the
impingement rate and that the impingement rate at some constant volume, depends upon
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the pressure, temperature and mass of the species involved. Clearly the values of the
variables are different for different elements and any equilibrium process involving
combinations of elements in which a particular stoichiometry is desired must take
account of this. If for instance the substance consisted of A and B components with
atomic weights MA and MB and saturated vapour pressures of PA and PB respectively,
the ratio of deposited particles may be calculated [17]

NB CB PB1VMA U
Here CA and CB are the fractions of the components in the evaporation source. It is
possible to override these equilibrium constraints by a process known as flash
evaporation and indeed this is done, but even if one can achieve stoichiometric
evaporation, the deposition of a stoichiometric film is not guaranteed. Each thin film
process should be thought of as having essentially two parts, disassociating the atoms
and reassociating the atoms. One has to either work with the equilibrium constraints by
compensation as in equation (4) or manage to overcome the equilibrium constraints of
both aspects of film deposition. It is this idea that is one of the main themes of this
that will be discussed further in a later section.

2.4.4 Characterisation
2.4.4.1 Introduction
The quality of a film is characterised in various ways depending on its end use but
typical goals would be, uniformity of chemistry and of thickness. In the case of
superconductors, and YBCO films in particular, desirable properties would also include:
a smooth surface as free of particulates as possible, where particulates may be defined
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typical), a small value of AT i.e. a sharp transition, about 0.5K, from the normal to th
superconducting state at a temperature of about 90K, a high critical current density
about 106Acm"2.

2.4.4.2 Determination of phases

The phases present in a thin film may be determined by a 0-20 x-ray diffraction scan.

The sample is mounted with the plane of the substrate coincident with the diffraction

plane and perpendicular to the incident plane of the diffractometer. This means that the

normal to the surface of the film lies in the incident plane, intersects and makes equal
angles with the incident and diffracted x-ray beam at the film surface, fig 2.1.
/re-

source and detector m o v e
symmetrically about the c-axis

a

sample surface in the a b plane

Figure 2.1 Source, detector and sample configuration for a 9°-20° scan.

Scanning the incident x-rays, on a crystalline sample, such that 20° varies from about 5100° will produce constructive interference maxima at values of 20° which satisfy the
Bragg condition thereby reflecting the separation of various crystal planes within the
film or powder. Reference to a powder diffraction database will allow for the
determination of the phases present. Some aspects of thin film sample mounting, such
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100% certainty and will affect the absolute intensity of the diffraction peaks and it
best to use the relative intensities for a given scan to draw conclusions about the

structure. Usually the diffraction peaks will include the peaks from the substrate and
this may be used as a guide to the accuracy of the sample mounting.

2.4.4.3 Crystallinity

Crystallinity refers to the extent of the long-range order in a thin film and is reflec

the sharpness of the diffraction peaks obtained from a rocking curve (or co-scan). This

obtained by selecting the 20° angle for a particular peak of the 0-20 scan and rocking
the a-b plane of the sample through the angle omega (co°) and hence the normal to the
surface of the sample through the angle chi (%°) in the incident plane, fig 2.2.
normal to sample surface rocks about c-axis
through angle chi #J

\ Jt- . /

pie surface rocks
out a-axis through
angle o m e g a $

Figure 2.2 With a 2 0 angle selected as shown infig2.1 the sample surface is rocked about the a-axis
through the angle co. Angles chi (%) and phi (q>) are also shown.

This is usually referred to as the out-of-plane orientation or mosaicity. Consideration

theoretical results for a sample that was perfect over the extent of the x-ray footprin
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instructive. Firstly, the existence of the peak in the 0-20 scan would verify the precisio
of the sample mounting. Secondly, rocking the sample would tip the diffracted beam
within the solid angle made with the detector and any deviation from a single spike in
intensity, at a precise angle, would reflect the resolution of the instrument. The
resolution of the instrument depends on its configuration as well as the scan parameters

but is typically about an order of magnitude better than results for the best single crys
films in 0-20 geometry i.e. < 0.01°. Higher angle peaks have inherently greater accuracy
and are therefore preferable as indicators of film structure. The sharpness of a
diffraction peak is quoted as the full width half maximum of the peak (FWHM).

2.4.4.4 Texture

The texture relates to the preferred orientation of the grains in a polycrystalline sample
The data for preferred in-plane orientation is obtained from a phi (cp) scan. Tipping the
normal to the sample surface through chi (x) will bring a crystal plane, which is not

parallel or perpendicular to the unit cell, into the correct orientation to satisfy the Br

diffraction condition. Scanning 0-20 will identify a value of 20 that satisfies the Bragg
condition. If the sample is now rotated in phi ((p), fig 2.2, a single crystal will show
peaks in intensity that reflect the symmetry of the unit cell. If the sample is

polycrystalline the location of the peaks, with respect to the angle of rotation, reflects
the relative in plane orientation of the grains.

2.4.4.5 Surface condition

Characterisation of the surface condition of a film requires consideration of two aspects:
The background smoothness and the density of particulates. The smoothness or
roughness may be expressed in a number of ways. Typically the average roughness (Ra),
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which is the average height of peaks above zero is quoted, but the utility of this value
may depend upon other assumptions about the surface, for example using only the Ra to

describe the surface is useful only if the surface features are highly correlated and the
range of peak heights is not too different from the average. An atomic force microscope,
(AFM), rasters a sample surface in the x-y plane relative to a tip. The interaction
between the tip and the surface at periodic points on the surface produces a set of
values. The associated software uses a two-dimensional array variable where each

element of the array coincides with a point on the surface. At each point the quantitativ
nature of the interaction becomes the value of the element. The meaning of the
information depends upon the configuration of the instrument. Typically, the vertical
deflection of a cantilever tip gives a z-axis value for each point and a topographical
image of the surface is displayed. It should be noted that the values returned to the
software and processed to produce the image reflect the interaction between the tip, the
surface and the software. When the tip size approaches the size of the surface features,
is quite possible to image the tip and care should be taken in interpreting the images.

The size of the surface features in substrates and films that are of interest are often a

the same size or smaller than the tip. Significant aspects of the tip/surface interaction
will be discussed to a greater extent later in this work.
Particulates on a surface are characterised by the number of particulates per square
centimetre of film. Usually any surface feature greater than 0.2 micron is classified as
particulate. Optical microscopy usually has too large a field of view and the AFM too
small. Values of particulates range from about 104 - 1010 cm"2 which means that there
may be only one particulate in a lOOum x lOOfim scan. To identify and determine the
number of particles of this size it is best to count them on a scanning electron
microscope image taken from a representative area of the film surface.
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2.4.4.6 Thickness measurement
The thickness to be measured is typically from 10's of nanometers to several micron
and an accuracy of about ±10 nm would be desirable. Thickness measurements quoting
greater accuracy than this are assuming certain characteristics of the film topography
and once again care should be taken in assessing the validity of any assumptions made.
The simplest and most direct approach is to use a stylus profileometer across an etched
step edge, of course this is a destructive technique and is useful only in appropriate

circumstances. Other possibilities such as optical interferometry, or using the AFM still

require the existence of a step edge and are destructive. Optical interferometry lacks th
accuracy and simplicity of the profileometer but may be preferable for measuring the
thickness of soft films, which does not apply in the case of superconductor films. The
AFM is not as direct a measurement of the thickness and, apart from taking longer to do
each measurement, suffers from triangulation where the effect of the software is to

interpret the step edge as a tilt of the whole sample. It is possible to remove this effe
but doing so often creates other undesirable and time consuming effects.
Ellipsometry is a non-destructive technique for measuring film thickness. No step edge
is required making it an ideal approach for process control or multiple measurements. It
is used extensively in the semi-conductor industry. In an ellipsometer an elliptically

polarised beam of light is reflected off a surface through an analyser and onto a detecto
The analyser is rotated to obtain a null at the detector. This is only possible if the

reflected beam is linearly polarised. That is that the polarisation vector of the reflect

beam is constant and there exists an angle of the analyser that will cut out the intensit
of the reflected beam. The net effect of the reflection off the substrate surface and

transmission through the film is to rotate the polarisation vector an amount that depends
on the refractive index of the film and the thickness of the film. The polariser and
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analyser are rotated to give a null intensity beyond the analyser. Knowing the relative

azimuth angles of the polariser and analyser and the optical characteristics of the film

allows for calculation of the film thickness. To be able to use ellipsometry for a given

film/substrate/wavelength combination it is necessary that their relative characteristic
satisfy certain criteria of absorption and reflection. Unfortunately, the instrument we
had available could not be made to accommodate the YBCO superconducting film and
our typical substrate of YSZ.

2.4.4.7 Superconducting properties
To facilitate the determination of the superconducting properties using magnetic
measurements the film is deposited onto a 3mm x 3mm substrate. The film thickness is
typically about 300nm and there is therefore only a small amount of superconducting

material. The critical temperature (Tc) is determined by measuring the a.c. susceptibilit
as the temperature is varied. The quality and uniformity of the magnetic properties are
determined by the absolute value of (Tc) and by the width of the superconducting

transition AT. A broad transition may be due to any or all of a number of factors such a
inhomogeneous oxidation or to the presence of weak links or to a combination of the
two. The field dependence of the critical current density (Jc) is determined by sweeping
the field at a given temperature and producing an hysteresis curves. The (Jc ) is
calculated using the Bean model from the hysteresis curve and the dimensions of the
sample.
To determine the magnetic properties using transport measurements requires the
patterning of the film and the attachment of current and voltage leads. The former can
be achieved by photolithography and wet etching. The limiting factor for resolution in
the pattern produced on the film is the sharpness of the pattern produced on the mask.
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With the mask produced by laser printing or high density dot matrix the minimum width
etched line extending over a few millimetres, that could be produced in this work using
wet etching was about 15 |im ±5 u\m. The limit of the chemistry appears to be closer to
2 or 3 \im. There is no standard for the testing procedure, either for the shape of the

mask and its dimensions or for the nature of the contacts or the test current to be used.

Usually the smallest current that can be controlled by the power supply is used in the Tc
determination and the voltage taps are placed as close together as possible. The current
and voltage contacts may be attached with silver paste to silver pads that have been
sputtered and then annealed. The Tc is determined by cooling the sample through an
appropriate temperature range and, at specific intervals, passing the current through
measuring the voltage drop and calculating the resistance. A plot of resistance versus
temperature reveals the transition temperature. As stated previously, reversing the
current and averaging the sum of the voltage drops removes any thermocouple effects. It
is important to ensure the accuracy of the sample temperature when measurements are
made and reproducing the shape of the curve and absolute temperature of the transition

with the temperature rising through the transition and then falling through the transitio
ensures that the sample temperature isn't lagging the detector temperature. The
measurement of the critical current Jc using a transport measurement is done by

producing a current versus voltage (I-V) curve. The voltage criteria of 1 uv cm"1 is used
to determine the critical current Ic and then the dimensions of the bridge are used to
calculate Jc. Typically bridges have dimensions of (urn x urn x nm) leading to Jc values
of about (2 - 5) x 106 Amps cm"2. This approach delivers the absolute optimum Jc

obtainable. In the absence of a particular standard it is difficult to compare results an
hard to identify any extra information gained over the magnetic measurement of Jc.
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2.4.5 Growth mechanisms
2.4.5.1 Epitaxy, General remarks

It is clear by direct observation that films form, and by reasoning a priori, that if th

are to result in complete coverage of a substrate to some finite thickness they must pas
through certain stages. The details of each stage directly influence the details of
subsequent stages. A substrate may be chosen, which by virtue of its chemical

compatibility, crystal lattice structure and lattice parameters, will encourage a partic

orientation on a growing film. The film starts to grow at many sites and spreads over th
surface of the substrate with the growth fronts eventually impinging upon one another.

Ideally, the coalescence of these growth fronts occurs seamlessly and without disruption
because of the common orientation, which has been influenced by the substrate. A film
is said to be an epitaxial film if its structure has an orientation encouraged by the
substrate.

2.4.5.2 Nucleation
Atoms of the vapour that strike the surface of the substrate, depending upon the energy

of the atom and the temperature of the surface, will be either scattered or adsorbed. Th

scattering may be either elastic or inelastic and the adsorption or at least retention o
the surface may be for a limited or indefinite period. If the adsorbed atom (adatom) is
to become the nucleus of further growth or whether it remains on the surface long
enough for it to combine with one or more others and then become a nucleus depends

upon the basic factors already stated. There is another possibility and that is for clus
to form within the vapour and for an increasing growth of the cluster to increase the
degree of association with the surface until it is incorporated. Various models have
been suggested to explain the mechanisms of nucleation. Certain models show
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reasonable quantitative agreement with experimental results for simple systems but
agreement is less evident as systems become more complex. The questions of whether
certain sites on the substrate become preferred for nucleation, and if so, the way in
which the number of nucleation sites and the rate of nucleation influences the
following stages and hence the characteristics of the final film are perhaps more
important. These particular questions become increasingly significant as one considers
the complexity of real systems and processes and are discussed at length later in this
work in the context of the pulsed laser deposition of YBCO.

2.4.5.3 Growth and Coalescence
Nucleation will take place on partly formed layers. The number of layers partially
complete will depend upon the relative rates of nucleation and growth. Adatoms that

remain on the surface but are not bound to any particular sites may diffuse to the edge
of growing islands and be adsorbed there. How long the adatoms are retained on the
surface without becoming associated with a particular site and hence becoming nuclei
themselves, will determine the diffusion length. The average diffusion length will
determine the maximum density of nucleation sites and the maximum size of islands.

Islands will grow until they impinge upon one another and ideally, because they all hav
the same orientation will join seamlessly to form a perfect single crystal film.
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2.5 The Yttrium Barium Copper Oxygen System
(YxBaiCusO^s)
2.5.1 Introduction and Structural Chemistry
Chu et al discovered the YBCO system in 1987 [18]. Its structure was described soon

after as an ordered oxygen-deficient perovskite leading to triple layers of corner sha
CuOs pyramids and Cu04 square-planar groups containing double layers of barium
cations interleaved with one layer of yttrium ions. Fig. 2.3 shows the perovskite
structure for comparison with the YBCO seen in Fig 2.4.

A o
B ®
X O
ABX3 space group

6
-o3 A B X 3 unit cells
Figure 2.3 Perovskite structure showing pyramidal coordination. T h e structure is tetragonal and is typical
of m a n y ceramics.
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Figure 2.4 The Y B C O structure (a) showing pyramidal coordination of the Cu-2 as well as the square
planar coordination of the Cu-1 (b) The tetragonal phase of the compound. The x's mark the location of
oxygen vacancies when compared to perovskite infig2.1

The compound exists over a range of oxygen concentration 0 < 8 < 1. The crystal
structure is tetragonal/orthorhombic depending upon the oxygen content.

Superconductivity disappears at the orthorhombic-to-tetragonal transition that occurs a
about 5=0.65 [19]. Structural parameters, including the copper-oxygen bond lengths,
vary smoothly with 8 within each phase but exhibit different behaviour in the
superconducting and non-superconducting phases. These observations are consistent
with a model in which superconducting behaviour is controlled by charge transfer
between the conducting two-dimensional Cu02 planes and the CuOx chains, which act
as reservoirs of charge. Fig. 2.2(b) shows the tetragonal structure of YiBa2Cu306 where

instead of the two cations in the perovskite there are three and the x's indicate th
locations of the missing oxygen atoms.
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Starting from the condition with oxygen = 6 i.e. 8=1, changes in oxygen site
occupancies occur only in the basal plane [20]. Using the nomenclature of this
reference, the oxygen sites are termed 04 on the b-axis and 05 on the a-axis. At this
oxygen content, these sites are crystographically equivalent and addition of oxygen
atoms to the compound are uniformly distributed Fig. 2.5(a). When the oxygen content

has increased to 6.5 i.e. 8 = 0.5, the structure is described as having an orthorhombic-II
configuration Fig. 2.5(b). [21-22].

a-axis = b-axis = 3.8617(1) A
oxygen = 6.35

a-axis = 3.8415(1 )A b-axis = 3.8778(1 )A
oxygen = 6 4 8
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(b) orthorhombic II

Figure 2.5 shows the basal plane of the YiBa 2 Cu 3 07_ 8 compound (a) with the uniform but random
distribution of the oxygen atoms on the a and b axes in the tetragonal phase and (b) with the ordered
distribution of the oxygen atoms in the orthorhombic-II phase.

One can see by inspection, that with the addition of another oxygen atom to the
configuration shown in fig. 2.5(a) it is impossible to avoid circumstances which don't
decrease the distance between oxygen atoms. The next best option to minimise the
overall interaction energy is to place the oxygen atom in line with an existing oxygen
but separated by a copper atom. Adding more oxygen follows this trend and interactions
between oxygen atoms leads to the formation of chains as seen in the orthorhombic-II

88

Background information-

configuration of Fig. 2.5b. Monte Carlo simulations using the Asymmetric Next Nearest
Neighbour Interaction (ASYNNNI) model show good agreement with data obtained
from neutron and high-energy synchrotron X-ray diffraction [21]. Oxygen contents
below 6.35 (8 = 0.65) are consistent with this view i.e. the tetragonal/orthorhombic
transition takes place when it is no longer possible to uniformly distribute the oxygen
atoms between the a and b axes. Oxygen contents increasing from 6.35 up to but less

than 6.5 show increasing scales of long range order defining the a and b axes until at 6
the configuration is completely orthorhombic II. The scale of the ordering raises
important questions that will be discussed later.

In Fig. 2.6 it can be seen that with increasing oxygen the structure maintains the chain
configuration and that full and empty b-axis chains form periodicities from full-emptyfull-empty, which is the Ortho-II structure through full-full-empty-full-empty oxygen =

6.6 called Ortho-V to full-full-empty, oxygen = 6.67 called Ortho-Ill and finally all fu
at oxygen=7, called Ortho-I.
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b-axis = 3.8851 (1)A
oxygen = 6.6
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Figure. 2.6. Increasing oxygen content produces full and empty chain periodicities (a) Ortho-V, full-fullempty-full-empty (b) Ortho-Ill, full-full-empty (c) Ortho-1 all full
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N.B. The a-axis and b-axis lengths in Fig. 2.6 are correct for the oxygen contents

specified and are obtained from experimental data [22]. The configurations of full and
empty chains match oxygen contents of 6.6, 6.7 and 7 respectively, obtained from the
data and Monte Carlo simulations of [21].

2.5.3 Structural Changes as a Function of Oxygen Stoichiometry
The tetragonal/orthorhombic transition, caused by the incorporation of oxygen into the
0-4 sites of the YBCO basal plane, produces alterations to bond lengths throughout the
unit cell. These alterations are monotonic with oxygen content in the orthorhombic

phase and therefore only the bond lengths for some significant values of 8 are shown in
table 2.2. N.B. Although the data is obtained from [22] the nomenclature of Fig 2.4(a)
consistent with [20] is used.

Table 2.2 Structural parameters for oxygen deficient samples of YIBa2Cu307-8
annealed in controlled oxygen atmospheres at 520°C and then quenched into liquid
nitrogen. Rietveld refinements were done in the orthorhombic Pmmm or tetragonal
?A/mmm space groups. Atom positions are Y(l 1,1), Ba(ij,z), Cu-1(0,0,0), Cu-2(0,0,Z), O1(0,0,Z), O-2(0,i,Z), O-3(|,0,Z), 0-4(0, 1,0), 0-5(1,0,0). Numbers in parentheses are
statistical standard deviations of the last significant digit.
8 (weight loss) 0.07 0.27 0.66 0.91
o
a(A)

3.8227(1)

3.8275(1)

3.8617(1)

3.8600(1)

o
b(A)

3.8872(2)

3.8875(1)

=a

=a

o
c(A)

11.6802(2)

11.7063(2)

11.7799(2)

11.8168(2)

173.56

174.18

175.67

176.07

o 3

V(A )
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Y:

B(A 2 )

0.28(3)

0.33(3)

0.514(4)

0.42(3)

Ba:

Z

0.1843(2)

0.1871(2)

0.1929(2)

0.1946(2)

B(A 2 )

0.44(3)

0.48(3)

0.54(5)

0.50(3)

Cu(l)

B(A 2 )

0.41(3)

0.53(3)

0.85(5)

0.91(4)

Cu(2)

Z

0.3556(1)

0.3569(1)

0.3600(2)

0.3611(1)

0.20(2)

0.24(2)

0.37(3)

0.37(2)

Un(A2)

0.022(3)

0.031(3)

0.052(16)

Unrefined

U 2 2 2 (A 2 )

0.001(2)

0.006(2)

-0.011(6)

Unrefined

ULCA 2 )

0.019(2)

0.013(3)

0.056(19)

Unrefined

n

0.90(1)

0.74(1)

0.32(3)

0.10(1)

Z

0.3779(2)

0.3788(2)

0.3790(1)

0.3795(1)

B(A 22s)

0.51(4)

0.46(4)

0.64(3)

0.62(2)

Z

0.3790(2)

0.3780(2)

B(A 2 )

0.35(3)

0.28(3)

Z

0.1590(2)

0.1572(2)

0.529(3)

0.1524(2)

Un(A2)

0.009(1)

0.015(1)

0.012(1)

0.009(1)

uL(A2)

0.007(1)

0.18(1)

0.012(1)

0.009(1)

UL(A2)

0.010(1)

0.003(1)

0.031(2)

0.031(2)

n

2.06(2)

2.03(2)

2.01(2)

2.00(2)

0(5)

n

0.03(1)

0.03(1)

Peak

Width

8.1(1)

7.3(1)

8.9(1)

7.0(1)

5.96

5.69

8.15

7.97

3.93

3.55

0

B(A 2 )
0(4)

0(3)

o

0(2)

0(1)

Rwp (%)

3.64
Rexp(°/

From information contained in Fig. 2.6 and Table 2.2 it is possible to describe the trends
of alteration that occur within the Y B C O unit cell as the oxygen content increases. Even
though

the a

and b

axes

are crystographically

equivalent

up

to the

tetragonal/orthorhombic transition at 8=0.65 the added oxygen already distorts the basic
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structure. As oxygen is added to the structure at the 0-4 and 0-5 sites, the c-axis

parameter of the unit cell is reduced. The variations to the 'z' locations of the at
within the unit cell are complicated because the relative movements are neither
consistent nor proportional. Considering the separation in the c axis only i.e. the
position of the atoms, the barium moves more than the Cu-2 and this means that: -

(1) The Cu-1 -— Ba separation decreases
(2) The Cu-1 -— Cu-2 separation decreases
(3) The Ba Cu-2 separation increases slightly
(4) The Ba Y increases
(5) The Cu-2 — Cu-2 separation increases
(6) The Cu-2 — Y increases
(7) The d spacing between all corresponding atoms in consecutive unit
cells reflects the prevailing c-axis parameter of the unit cell
consistent with the oxygen content.
(8) The Cu-1 — Y separation decreases and is half the unit cell c-axis
parameter

As well as these effects on the cations the positions of the oxygen atoms at 0-1, 0and 0-3 relative to the copper and barium atoms are changed. Some relevant
interatomic distances are given in Table 2.3 [20].
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Table 2.3. Relevant Bond Distances in YiBa 2 Cu 3 07-s
Bond type

number

Ba-O-1

8= 0

8=0.2

8=0.5

8=0.94

X4

2.7408(4)

2.7470(8)

2.7690(8)

2.7751(5)

Ba-O-2

X2

2.984(2)

2.972(3)

2.930(4)

2.905(1)

Ba-O-3

X2

2.960(2)

2.938(6)

2.902(4)

2.905(1)

Ba-O-4

X2

2.896(2)

2.922(4)

2.956(2)

Y-O-2

X4

2.409(1)

2.403(3)

2.404(3)

2.4004(8)

Y-O-3

X4

2.386(1)

2.389(2)

2.408(3)

2.4004(8)

Cu-1-0-1

X2

1.846(2)

1.843(3)

1.795(3)

1.795(2)

Cu-1-0-4

X2

1.9429(1)

1.9428(1)

1.9374(1)

2.469(2)

Cu-2-0-1

XI

2.295(3)

2.323(4)

2.429(4)

2.469(2)

Cu-2 - 0-2

X2

1.9299(4)

1.9305(6)

1.9366(6)

Cu-2 - 0-3

X2

1.9607(4)

1.9585(8)

1.9478(6)

The 0-2 and 0-3 positions are not distinquishable until the orthorhombic transition. At
the core of the unit cell the Yttrium relationship to the 0-2 and 0-3 atoms remains
essentially unchanged. The 0-2 and 0-3 atoms remain co-planar independent of the

occupancy of the 0-4 position. With increasing oxygen the Cu-2 atom moves out of thi

plane closer to the 0-1 position, producing the characteristic buckling of the stru

seen in Fig. 2.2(a), and consequently its coordination tends to be more pyramidal an
less square planar. The Barium atom moves closer to the basal plane and its

coordination increases from eight to tenfold as the oxygen content of the basal pla
increases. The increased occupancy of the 0-4 sites increases the pyramidal
coordination of the Cu-2 atoms as well as allowing for the creation of CuOx chains.
juxtaposition of the plains and chains leads to a mixed valency of Cu
in turn creates the conditions for superconductivity to occur.
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YBCO is a Type II superconductor. The surface energy of an interface between
superconducting Y B C O and a normal region is negative. The physical parameters of
YiBa2Cu307-5 are given in table 2-4.
Table 2-4 Physical parameters of YiBa2Cu307.5a
Parameter

Values

Transition temperature

T c = 92 K

0

Penetration depth

M c ) = 1400 A
o

^(ab) = 5xl400A
o

Coherence length

5(c) = 15 A

£(ab) = 3-5A
0

0

0

Crystal lattice parameters (8 = 0.1)

a=3.82 A , b = 3.89 A , c = 11.68 A

Thermal conductivity

3.2 x 10'2 W cm'1 K"1 at (300 K )

Specific heat capacity

0.39 J g" K

Reflectivity (at 248 n m )

0.11

Solid absorption coefficient

3.60 x 105 cm"1 (at 193 nm)
2.50xl0 5 cm" 1 (at248nm)
USxlO^m'^atSOSnm)

a

James D. Doss, 'Engineers Guide to High Temperature Superconductivity' (Wiley,

N e w York, 1989)
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Chapter 3 Rationale, Thesis and Experimental
Procedure
3.1 Introduction
The potential applications of PLD in industry indicated the need for the training of
personnel in this area. The PhD project was seen as a suitable way of providing such
training. The candidate would develop both hands-on experience in thin film deposition
as well as theoretical knowledge on the subject.
The initial aims of the PhD project were to elucidate the mechanisms of growth of Y123 films on Ni substrates that have a Ce02 buffer layer. It was envisaged at the time
that an understanding of how good quality YBCO films manage to grow on less than
perfect buffer layers, such as porous Ce02, would improve the overall understanding of
the process. This would lead to, improved capacity to produce coated conductors and to
increases in the effective area and thickness of single crystal films for solid state
applications.
At the beginning of the PhD project, the group had only recently acquired the pulsed
laser deposition system. There was a great deal of expertise in the processing and
characterisation of superconducting tapes and single crystals and much of this was
extremely helpful. The cormmssioning of equipment, the development of the specific

infrastructure and expertise required for the deposition and characterisation of thin film
was developed within the group over the course of the project. Much of this material
now exists as infrastructure and as a knowledge base for subsequent researchers.
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3.2 Goals
3.2.1 General goals for research in this area
The goals are to increase the utilisation of high temperature superconductors in all
areas. This will be achieved by developing technologies that overcome the inherent
characteristics which currently hinder their commercialisation. For solid-state
applications of thin films, this means improving the surface condition and increasing the
area and thickness without loss of superconducting properties. For extended current
pathways this means the up scaling of techniques currently producing short lengths on
polycrystalline substrates or the development of new processes. In both cases, the use of
pulsed laser deposition appears to be indicated.

3.2.2 Specific goals of this work
PLD is a robust yet non-equilibrium process. It has a large number of processing
parameters, which have non-linear effects on the properties of films. Efforts to optimise
the processing parameters for film characteristics have resulted in almost as many
empirically determined recipes, as there are systems. This is indicative of significant
gaps in the understanding of the processes that give PLD its unique characteristics. It
was the aim of these investigations to gather the empirical data, to propose and test
models and hence to explain more fully the fundamental interactions that are the cause
of these unique characteristic.
It was thought that improved fundamental understanding of PLD would be more
efficacious in satisfying the general goals than increasing the empirical knowledge base.
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3.3 Rationale
The number of unknowns, the non-linear nature of their interactions and the time scales
involved makes quantitative analysis of the fundamental interactions extremely
difficult.
Most commentators explicitly acknowledge the complexity of the process, however,
only a few accept these limitations and approach the problem from a viewpoint
consistent with it. An example of a commentator who does is Biggers [1,2] who tried to
control the process by using time of flight data of excited copper atoms. The process
parameters are controlled by a computer to optimise the signal at a given time and
location. The value of the signal is correlated with film properties so that the computer
may indirectly control the film properties. The system falls down to the extent that the
correlation between the TOF of the excited copper atoms and the film quality isn't
linear. Nevertheless, the approach does something other than gather more empirical
data. If endeavours to find a property generated by the laser/target and
plume/atmosphere interactions that directly influences the film quality. If such a
property can be found its applicability may become general rather than system specific.
As stated in the literature review, thousands of papers have been published on the
subject. Most of these, address particular aspects of the process such as the affect of
varying one or more of the parameters on the resultant film with the unstated
qualification being, for our system. It is our contention that the literature must be
reviewed in a different way. It must be considered in a way that allows identification of
those aspects which reflect general principles. The goal is to arrive at a description of
PLD that identifies its appropriateness for particular chemical systems and, because the
description better reflects process requirements, indicates how to proceed given certain
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film outcomes. To this end, the extensive topic review has been organised so that the
rationale behind the particular investigations emerges easily.
In many multi-stage processes, the input to the first stage is set by naturally occurring
forms or conditions and subsequent processes are then determined by them. In PLD
there is significant capacity to control the initial inputs. This means we can work from
desirable outputs backwards through the effects of the process to descriptions of the
desirable inputs which may be modified accordingly. By dividing the process into the
stages proposed in the topic review, i.e. the evaporation, conditioning and condensation
stages we can work progressively backwards through each stage. The desirable film and
an understanding of the condensation process determines the necessary substrate and
plume constituent conditions. The required plume constituent conditions derive from
the proto-plume and its interaction with the chamber atmosphere and the proto-plume
comes from the laser target interaction.
It would appear from the literature that films may grow from atoms or molecules or

clusters. It is not clear which is preferable. If would appear from the literature, that th
energies of the plume constituents are increasingly reduced and equilibrated with
increasing ambient pressure at a given distance and, with distance at a given pressure. It
would also be consistent with the literature, to say that with the decrease in species
energies there is an increase in the likelihood of recombination processes of atoms to
form molecules and aggregation of clusters. The initial energies of the ablated species
depends upon the laser/target, laser/plume interaction. The rate of decrease of species
energies depends upon the efficiency of energy shedding mechanisms which in turn
depends upon the plume dynamics.
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The ability to follow the path proposed depends upon the development of an overview
that sits comfortably with the literature in general and against which specific
experimental results can be seen as supportive or difficult to explain.
Clearly, the major input to this work is the knowledge base contained within the
literature but several experiments have been done to address some gaps. These gaps
emerged through our inability to find answers in the literature to questions that arose.
It was clear that if we wished to examine any particular aspect of the process we should
first ensure that our own results were reproducible. We found that within a deposition
time of 20 minutes that the plume length was shortening. This was not stated in the
literature as a common problem and it seemed evident that we were doing something
incorrectly. The plume shortening was associated with the development of features on
the surface of the target. We also found that the atmosphere gas influenced the rate of
formation of these features.
In our initial examination of film surfaces we found correlations between substrate and
film surface features which were difficult to explain using a diffusion model for film
formation. The existence of outgrowths associated with substrate features appeared to
increase the problems for a diffusion model. A new model for film growth that would
explain the correlation of film features and outgrowths with substrate features, as well
as the inherent tendency for the maintenance of stoichiometry in PLD was proposed and
investigated.

3.4 Experimental Equipment and Procedures
3.4.1 Laser, optic train and deposition chamber
The laser deposition system is comprised of a Lambda Physik compex 301
Krypton/Fluorine excimer laser and a stainless steel deposition chamber of approx 60
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frequency that may be chosen between 1 and 10 Hz. The energy of this pulse is
determined by choosing the pumping high voltage (HV) of the laser. The laser HV
ranges from 24 KV to 32 KV and, depending on the state of the gas medium, will
produce energies in the pulse between 400 mj and 1200 mj. The rectangular output
pulse of the laser has dimensions of approximately 30 mm x 12 mm. The spatial
profiles, are reported by the manufacturer, to be close to a top hat in the 30 mm
direction and nearly gaussian in the 12 mm dimension. Fig 3.1 (a) and (b) show these
respective profiles.
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Figure 3.1 Spatial profiles of the laser output spot (a) the vertical axis (b) the horizontal axis

The temporal profile, is gaussian-like with a F W H M of about 25nanoseconds. A
schematic of the ideal tophat profile, the gaussian profile, the relative positions

energy ablation threshold and how the opening of the diaphragm might be set to scree
out below threshold energy levels is shown in Fig 3.2.
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Figure 3.2 Schematic of energy profiles and relative position of the diaphragm.

Two configurations of optic train have been used. Fig 3.3 shows a schematic of our
initial arrangement. Fig 3.4 shows a schematic of the modified optic train with a
diaphragm as well as an additional cylindrical lens. The function of the diaphragm is to
trim the shoulders of the gaussian spatial profile as shown in Fig 3.2. The additional

lens is placed at right angles to the first to ensure focussing of the laser energy in b
dimensions.
Laser
output
window

Cylindrical
lens

Figure 3.3 Schematic of initial optic train
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Figure 3.4 Schematic of modified optic train

The laser beam passes through a sapphire window into the chamber and is focussed

onto the far radius of the flat end of a rotating cylindrical target and is incident u

at an angle of 45°. The first configuration, using the single cylindrical lens with 80

focal length, produced the spot shown in Fig. 3.5 (a). The dimensions of the spot were
10 mm x 2 mm. The target rotates at 10 rpm producing overlap patterns as shown in Fig

3.5 (b). The configuration using both cylindrical lenses produces a lens shaped spot o
approximately 6 mm x 1 mm and overlap pattern as shown in Figs 3.5 (c) and 3.5 (d)
respectively.

a

—

b
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c

Figure 3.5, Image of (a) rectangular spot (b) overlap from multiple shots (c) lens shaped spot (d) overlap
of multiple shots.
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The targets used were 25 mm diameter, solid state sintered YBCO with an estimated
density of 80%-85% of the x-ray density of 6.3 gem"3. All XRD phase determinations
of targets and films were done with a MAC Science diffractometer model M03X that

has 3 independent axes. The 8-20 scan of the freshly polished targets Fig 3.6 show the
to be stoichiometric Y-123.
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Freshly polished Y B C O target
800

-

600

-

400

-

200

-

c
o

Figure 3.6 8-29 X R D scan of freshly polished target showing only Y-123 peaks

The targets were polished with 1200 grit garnet paper and subsequent S E M
examination, using a 'Leica Stereoscan 440' secondary electron microscope (SEM),
revealed a grain size of 5 |mn-50 um. The SEM has a best-case resolution of
approximately 20 nm.
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3.4.3 Substrates and resolution of a scanning probe microscope
The standard substrate used was <100> yttrium stabilised zirconia 3 mm x 3 mm x 0.5
mm or 10 mm x 10 mm x 0.5 mm epi-polished on one side, purchased from Dalian
Danning crystal factory. 0-29 XRD scans on powder produced by crushing one of the
substrates and Rietveld analysis of those scans are consistent with PDF card 30-1468
which is a face centred cubic structure a=b=c=5.139A with space group Fm3m and
chemical formula Y 0.15 Zr 0.85 O 1.9392.

The topography of all substrates and films was characterised using a Digital Instruments
scanning probe microscope. Both contact and tapping modes were used to gather data
depending on what was thought appropriate. The images produced by the AFM can give

a false impression if one doesn't take care with the relative x and z scales. The surfac
area differential percentage (SAD%) is a useful figure to assist in visualisation It

represents the surface area needed to cover all the surface features in the scan minus t
flat surface area of the scan as a percentage of the flat surface area of the scan. The
more features read by the AFM the larger this will be with the finer detail adding
progressively less to the result. This figure also allows for the visualisation of the

surface. To visualise the surface one can think of a flat surface covered by square base
pyramids then calculate the (SAD%) for different heights of the pyramids. It turns out

that the ratio of the height to the base edge is approximately the same as the SAD% i.e.
a figure of 5% would be like a 20 m square based pyramid with a height of about Im.
On the scale of the typical peaks on the substrate, say 25 nm, the pyramids would have
500 nm base edges. This is clearly a very simple model and I believe the true ratio
because of the detail will be closer to 10:1 i.e. 250 nm base edges. On the scale of
meters, i.e. for a 1 m high pyramid with 20 m base edges the atoms would be about 4
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mm diameter. N.B. The SAD% reflects the slope or steepness of the walls of the surface
features.
The limit of reading of the AFM in contact mode is controlled by the tip size and the
nature of the surface that you are analysing. The actual tip size is approximately 100 nm
and the effective tip size with (SAD%) of about 7 is probably closer to 70 nm. This is
very difficult to be definitive about, because the tip will be deflected to some degree by
much smaller surface features than this. The proportional response of the tip will also
depend on the relative positions of features. If the radius of curvature of the arc formed
by passing through adjacent peaks and the base of the depression between them is less

than that of the tip, the tip will resolve the depression with 100% fidelity. As the radius
of curvature grows i.e. the peaks become closer, one continues to gain information
about the relative positions of the peaks but less and less about the depression between
them. Analysis of the section-view of magnified images supports this view, where the
finest detail is of the order of tens of nm.
Substrates were attached to the stainless steel heater surface with silver paste. Their
position, unless otherwise stated, was centrally located relative to the deposit on the
heater surface. The target to substrate separation is adjusted manually with the heater
assembly removed from the chamber and ranges from about 30 mm - 100 mm.
Obviously this means that the target to substrate distance cannot be adjusted in situ to
accommodate changes in plume length. The temperature of the heater surface was
controlled to ±2 °C with a Shinko temperature controller. All film depositions were
preceded by a minimum of 10 minutes ablation of the target at the deposition frequency
with a shield covering the heater surface. The atmosphere gas pressure was manually
controlled by adjusting the gas flow into the chamber with a pin valve. Gas flow into
the chamber offsets that removed by the roughing pump or roughing/turbo-molecular
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pump combination. The pressure was monitored using either a capacitance or ionisation
manometer depending on the pressure range. The atmosphere gas mixture was
controlled by using either pre-mixed gas or by means of mass flow controllers. The
deposition chamber has a base pressure of approximately 2.0 x 10"7 Torr at room
temperature. Prior to each deposition the chamber atmosphere was cycled three times
between the base and deposition pressures using the intended atmosphere gas.

3.4.4 Sample preparation, magnetic and transport measurement.
Samples for magnetic measurement were prepared on the 3 mm x 3 mm substrates. The
magnetic measurements were done on a Quantum Design physical property
measurement system (PPMS). This system uses an extraction D.C. magnetometer with
sensitivity of 2.5 x 10'5 emu for the generation of hysteresis curves and an A.C.
susceptometer with sensitivity 1 x 10"8 emu at 10 KHz to measure Tc and AT. The
temperature range of the PPMS system is from 4.2 K - 350 K. We also had available a
Quantum Design magnetic physical property measurement system (MPMS). This
system uses a D.C. magnetic field and a SQUID to measure the signal when the sample
is moved in the field. The SQUID magnetometer has a sensitivity of 10"8 emu. The

greater sensitivity in the D.C. magnetometer allows for the characterisation of sample
providing weaker signals, such as might be obtained from very thin films or weakly
superconducting materials.
Samples for transport measurement were usually deposited onto 10mm x 10mm

substrates and patterned using a photolithographic and wet etching technique, the deta
of which were developed within the group.

108

Rationale and Experimental Procedure
3.4.5 Photolithographic procedure for YBCO on YSZ
1. Suspend the film in acetone in an ultrasonic bath for 5 minutes.
2. Rinse the film with a running detergent solution. (Less than 5 seconds)
3. Rinse the film with running deionised water. (Less than 5 seconds)
4. Dry with hair dryer.
5. Mount the film with a spot of silver paste onto a fibreglass support.
6. Spray positive photoresist onto the surface such that you have the niinimal thickness
wet film that is complete.
7. Cure the photoresist in an oven at 50 °C - 60 °C for > 45 minutes.

8. Place the film, with the photoresist film facing up, into the 'Kinsten' ultraviolet li
exposure box, on the black tape. (This prevents any exposure through the substrate)
9. Position the prepared mask over the film.
10. Close and lock down the middle layer and pump down to pull the mask firmly
against the film.
11. Expose for 300 seconds using the top bank of UV fluorescent lights only.
12. Remove the areas of photoresist film that have been exposed to the UV by
suspending the film in excess 1:1 6115-20310: deionised water at 30 °C for 50
seconds. Stop the action of the developer by rinsing with deionised water. (The
6115-20310 is a solution of sodium hydroxide supplied by Vimcom Electronics)
13. Remove the areas of unprotected YBCO film by etching in a 1:9 solution of
phosphoric acid at 30 °C for 60 seconds. Stop the action of the etchant by rinsing
with deionised water.
14. Remove the layer of unexposed photoresist from the patterned film by suspending
the film in acetone in an ultrasonic bath for 5 minutes.
15. Rinse the film with a running detergent solution. (Less than 5 seconds)
10Q
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16. Rinse the film in flowing deionised water. (Less than 5 seconds)
17. Dry with the hair dryer.

Prior to the development of this technique several methods to produce patterned films
with reasonable dimensional control were tried. These included direct masking of the
substrate surface during deposition so that the desired pattern would be deposited and
masking the film surface with tape prior to etching with phosphoric acid. The former
was unsuccessful due to either the mask shading the substrate or the deposition
occurring under the edge of the mask and the latter had only very course dimensional
control and both had very poor reproducibility. The dimensional tolerance of the
photolithography/wet etching technique due to the chemical reactions, is less than ±5
urn, however, the final tolerance is determined by the accuracy of the mask. The
patterns of the masks are prepared using a computer aided drafting program. Clear
overlays are produced with a high definition printer. The printer used has 3000 dots per
square inch, which results in'a tolerance of ± 5 urn. This could be improved by using a
photographic technique to produce the masks. An example of a film pattern suitable for
transport measurement is shown in Fig 3.7. Typically, silver pads would be sputtered
onto the film and annealed to reduce any contact resistance.
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Figure 3.7 Blow-up of pattern offilmused for transport measurements showing silver pads for current
and voltage contacts. Dotted line shows outline of substrate.

3.4.6 Transport measurement system
A copper head was designed and manufactured that would sit on the cold finger of a
cryocooler. Inside the copper head are two 16-ohm resistors. Fig 3.8 (a) shows the plan
and elevation of the copper head Fig 3.8 (b) shows the relative position of the disc of
vero board, the sample and the cold finger of the cryocooler.
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Figure 3.8 Drawings of the copper head designed to sit on the top of the cold finger of a cryocooler (a)
shows the plan and elevation views and (b) the relative positions of the veroboard and sample.

An Oxford Instruments intelligent temperature controller (ITC4) is attached to a
copper/constantan thermocouple and to the two resistors. The constant cooling power of
the cryocooler is offset by the variable heating of the resistors providing temperature
control. The thermocouple is located in a recess at the centre of the copper head <2 mm
from the centre of the sample surface. The minimum temperature of the system is about
22 K and temperature control is thought to be better than ±1 K between 40 K - 150 K.
The assessment of this tolerance is made by comparison of the resistance v temperature
curves generated on heating and cooling. A Keithley current supply and voltmeter,
using a general-purpose interface bus (GPIB), as well as the ITC4 using an RS232 serial
cable were connected to a computer. Leads from the three components are connected to
appropriate contact locations on a ring of vero board (fibreglass board with bands of
copper) on the surface of the copper head and to the thermocouple and resistors. The
10 mm x 10 mm x 0.5 mm sample is seated on heat conducting paste at the centre of the
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top surface of the copper head. Single strand copper wires are used to make the current
and voltage connections between the vero-board and the sample. The ensemble is
controlled using 'Labview' programs to determine Tc, AT and Jc. The set-point
temperature controls the operation of the rest of the program, which does not run until

the temperature has stabilised. This is thought to be a better approach then using a fixe
sweep rate because it has no temperature lag.
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Chapter 4 Pulsed Laser Deposition
4.1 Hypothesis
The pulsed laser deposition process has fundamental characteristics which distinguish it
from other thin film techniques. Like other methods it involves the stages of
evaporation and condensation. T o take advantage of its beneficial characteristics
requires particular control and conditioning of the evaporated material. The primary
benefit of the P L D process is its inherent tendency to reproduce the stoichiometry of the
target in thefilm.This tendency arises from aspects of each stage of the process.
In thefirstinstance, the laser matter interaction acts within time scales which effectively
sublimates an affected volume and has minimal effect on non ablated material.
Secondly, the plume of ablated material interacts physically with the environment gas,
creating an envelope which contains the ablated material separating it from the chamber
atmosphere. Thirdly, at an appropriate distance from the target, the average energies of
the ablated material have equilibrated and decreased to levels that allow for
condensation to take place. The interaction of the ablated material with the heated
substrate creates a high pressure region at the substrate surface and the species within
the plume have multiple interactions between the surface and the high pressure region.
The selective retention of plume species at favourable sites on the film surface leads to
film growth.
Most of the process parameters although causal are not proximate causes of film
outcomes. Variation of one parameter m a y be compensated by appropriate variations in
another and this gives rise to a large number of parameter sets that m a y be used to
produce high quality Y B C O films. It is necessary to view the whole process to see h o w
the three stagesfittogether and it is only in this w a y that the unique characteristics of
the PLD process may be understood.
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The foregoing indicates three areas of investigation. Each of these areas has been
individually highlighted in the topic review of chapter 2. The reasoning behind the
assertions made and experiments done to test their validity are treated individually in
the following.

4.2 T h e laser target interaction - the evaporation stage
4.2.1 Introduction
Ideally the process of laser ablation proceeds from shot to shot with a constant volume
of material being atomised and with zero heat affected material left in the target. The

actual case, because the intensity of the incident radiation is attenuated as it penetrat
into the target, requires that some energy remains in the target. Whether or not the
energy left in the target produces undesirable effects, depends upon the characteristics
of the laser pulse and material. Whether or not the material removed is reduced to atoms
depends upon the fundamentals of the laser/matter interaction, on the characteristics of
the laser pulse and perhaps on any progressive changes that may occur in the target.
Attenuation of the intensity of laser energy as it is absorbed into a dielectric goes as
I = I0e"

Pz

0)

where: z is the dimension normal to the target surface, P = L , n; is the imaginary
c

part of the complex refractive index, n = nR + inj, and co is the angular frequency of the
radiation [1].
Given CO = lltf and C=fX then — = -%-

c
,.

P

fA

= ^^ (2)

115

Pulsed Laser Deposition

which means the attenuation coefficient (3 is inversely proportional to the wavelength.
The shorter the wavelength the more effectively the energy is absorbed and the residual
energy left in the target is less.
For YBCO the literature is not consistent in values quoted for nr and n;. The complex
refractive index of YBCO varies with the energy of the impinging photons and with the
oxygen content [2]. Work done by Kircher et.al. [3], which best matches our
circumstance suggests that for 5 eV photons i.e. 248 nm laser and with the Y1B2C3O7-6

having a 8 value of 0.15, nr is about 3 and nj is about 2. In this case P is about 0.1 n

Fig 4.1 is a plot of intensity versus penetration depth from eq (1) for f3 = 0.1, 0.2, 0
Femtosecond snapshots of a silicon wafer that has had 120 fs duration pulses of 620nm

at 0.47 Jem" fluence, show that melting is brought about in about a picosecond i.e. 10"'
seconds [4]. A typical high value quoted for the velocity of ablated species is 10 ms"1

[5,6,7,8]. Spatial profiles of the ablation front show the velocity to be closer to 103 m

at least over the first couple of nanoseconds after the ablation threshold is crossed [4

With the real part of the refractive index < 3 the laser pulse travels into the target a
approx. 1 x 108 ms"1 and an energy profile will be established in approximately 10"15
second and persist for the duration of the pulse. The material cannot respond in the

sense of a change of its density in this time. The energy input is therefore isochoric i
at constant volume [9]. The internal pressure goes up to tens of giga-pascals. The

volume of material defined by the laser footprint and the energy profile cannot continue
to exist as a solid with its increasing energy density. Bonds are broken and the energy
content is manifest in the translation of the affected species.
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Attenuation of intensity with penetration depth

Beta = 0.1
Beta = 0.2
Beta = 0.3
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Figure 4.1 The attenuation of the laser intensity with penetration depth into Y B C O .

Assuming the

ablation threshold equates to 6 0 % of the incident energy the cross hatched region indicates the energy left
in the target for Beta - 0.1

The implications of the preceding statements are that the energy profile established in
the target within femtoseconds should define the volume of the ablated material. The

species that exist within this volume move in all directions in an effort to manifest the
increasing energy. The net effect is that they move predominantly in the direction
normal to the target surface which is the direction of the greatest mean free path. The
volume occupied by the ablated material increases, the density drops and so to the
capacity to absorb the laser energy, however the expansion in the dimension normal to
the target is more significant then the drop in the effective attenuation and the energy
profile is pulled forward with the expanding plume. This means that the bulk of the
energy in the laser pulse continues to add energy to that volume of material originally
defined by the attenuation profile. It must be remembered when considering the
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characteristic time scales: the establishment of the energy profile, call it tp, the time for

thermal energy distribution, tR and for material transport tA, about 10"15, 10"12 and 10"9s
respectively, that the temporal profile of the laser pulse may be significant in the
ablation process.

For such short pulse interactions the ablated volume will be defined by the spot area and
the energy attenuation profile. Material transport takes place after the pulse is over.
For the more typical situation of PLD i.e. a laser pulse with a FWHM of between 20
and 30 ns, physical transport occurs during the pulse. The temporal profile of an
excimer laser fig 4.2 is gaussian-like or at least sufficiently so for the following
arguments to hold true.

Ablation
threshold

I l VM 10.0ns-

: i- I \^t**.
i • I . , T , , , , f , , ,, i

Figure 4.2 Temporal profile of L a m b d a Physik compex 301 XeCl laser at H V of 2 7 k V and total output
energy of 740mJ. The vertical scale is 200mV/div and the horizontal scale is lOns/div.

Initially assume that the temporal profile is like a top hat i.e. that the energy level goes
from zero to say 1.6 Jem"2 in a femtosecond, remains at that level for 20 ns and then

falls to zero again in 1 fs. Let us also accept that the ablation threshold is 1.0 Jem"2. A

energy profile like that shown in fig 4.1 will be established in the first femtosecond and
material to a depth of 5-6 nm will have an energy density above the ablation threshold.
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The material transport will commence in about 1 ps and at the velocities quoted, 103 104 ms"1 the front will move forward a distance of 10 nm in 1 -10 ps. Which means that
unless the absorption drops dramatically the bulk of the energy goes into heating the
volume initially defined by the ablation profile.
The actual temporal profile is more like that shown in fig 4.2 but it is still clear that
shortly after exceeding the ablation threshold the expanding front moves forward many
multiples of the original penetration depth. In 25 ns the plume front moves from 25 250 urn. We might consider the extremes of possibilities here and in so doing clarify the
significance of our knowledge or lack of it. At one extreme we would assume that any
drop in density of the target material would make it transparent to the laser pulse. This
would mean that as material was ablated the laser would continue to interact with the
solid target to a greater and greater depth. The net depth of penetration would depend on
the relaxation time of the material and the duration of the laser pulse. The energies of
the ablated species would depend on how much energy was able to be deposited into the
volume defined by the profile before it could be transported. The other extreme
alternative is that the absorption of the ablated material is unchanged by its drop in

density as it expands, and the energy profile is constant in time but its location in spac
is relative to the face of the expanding front. This means that the volume affected is

defined by the initial profile only, and that the species energy is a function of the bond
strengths and the pulse duration. Clearly the truth lies somewhere between these
extremes. Where on the continuum, does this extent of expansion locate the truth, is the
question. Some of the results from section 2.2.1 in the topic review and the preceding

discussion, would indicate that the truth of the laser-matter interaction is closer to th
latter case, however, the disparity between the optical penetration depth for energies
over the ablation threshold, 5-10 nm, and the experimental evidence for ablation to
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about 50 nm suggests the opposite is true. The formation of the ring structures discussed
in section 2.2.1, ref [10], required the development of a two phase regime consisting of
liquid droplets in a gaseous phase within the expanding bubble. The absorption
coefficient of this phase, if the droplets are much smaller than the wavelength, is

effectively zero. This condition, which appears to be a general characteristic of the las

matter interaction, may reflect some underlying detail in the process of sublimation. The
rings reflect the progression from solid to gas with decreasing droplet size and the
change in absorption coefficient from that of the solid through the two phase,
transparent, regime to that of a high pressure gas.
The existence of the two phase regime allows for a longer period of laser solid

interaction, and provides a qualitative explanation for the disparity between the optical
penetration and ablation depths. The ablation depth is defined by the combination of the
time for material transport, the time that the two phase regime persists and the pulse

duration. It is envisaged that control of the pulse duration may eventually be one of the
most significant parameters.

4.2.2 The First Problem
Our initial investigations of the laser matter interaction were prompted by problems of
target degradation during a single deposition. The target degradation was indicated by
the shortening of the visible plume and verified by examination with SEM. The visible
plume was shortening as much as 25 mm in 15minutes. Our inability to maintain a
consistent plume from deposition to deposition meant that any other investigations
would be based on varying inputs which was clearly untenable. At this time the optic
train included only the cylindrical lens and the arrangement shown in fig 3.3.
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X R D on the freshly polished target, fig 4.3 (c),showed it to have strong peaks from
YiBa2Cu307 (123) as well as weak peaks from Y2BaiCui05 (211). After ablation the 8-

26 XRD of the affected area, fig 4.3 (b) revealed a significant reduction in the in

of the YiBa2Cu307 peaks. This result is consistent with the literature and is indicat
heating of the YBCO which has incongruent melting [11] Y-123 -> Y-211 + liquid.
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Figure 4.3 (a) steady state Y B C O target (b) degraded Y B C O target (c) freshly polished Y B C O target. 0
and x mark YiBa2Cu307.g and Y2BaiCui05 peaks respectively.

After -5,400 shots with the initial arrangement, laser energy output 600 mJ, atmosphere
150 mTorr of argon + 8% oxygen with a spot size of 0.2 cm and with heater assembly
separated from the target by 70 mm the ablation plume had shortened from 60 mm to
40 mm. The SEM image of the degraded target at x 500 showed an intermediary cone
structure fig. 4.4 (a), which can be seen to have a general directionality.
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After 5,400 shots with a laser energy of 450 m J and an atmosphere of 50 mTorr of
oxygen the ablation plume had shortened from 60 mm to 12 mm. The cone structure in

fig 4.4 (b) is more directional and more clearly defined than that in fig 4.4 (a). The
degradation was faster in the oxygen atmosphere than in the oxygen/argon mix. The

XRD result was similar to fig 4.3 (b) i.e. 211 phase peaks are present as before and t
123 peak intensities are greatly reduced.
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Figure 4.4 S E M image of Y B C O target at x500 after -5,400 shots at a) 600 mJ at 150 mTorr of argon
+8% oxygen b) 450 mJ in 150 mTorr of pure oxygen. The observed features point towards the laser
source.

T o see if w e could identify an intermediary stage of the cone formation, the target was
freshly polished and exposed to 2000 shots with a laser energy of 600 mJ in an
atmosphere of 150 mTorr of oxygen. SEM images at x500 and x5000 are shown in

fig.4.5. They show what appears to be an interim stage of the cone formation. The con
occur over the whole area of the laser footprint. In fig 4.5 (b) material deposited
tops and flanks of the cones is evident.
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Figure 4.5 S E M images of Y B C O target after 2000 shots at 600 m J in 150 mTorr of oxygen at (a) x500

showing the general cone structure (b) x5000 showing the cones with material deposited on their flank
The observed features point towards the laser source.

W e were unable to solve the problem of plume shortening by increasing the laser
energy output, nor was it solved by inserting a diaphragm to trim the shoulders of the
gaussian spatial profile. By considering this and by placing pre-exposed photographic
paper in the beam path at various locations and noting the results we concluded that the
profile must be more complex. Even with a complex profile it was expected that
increasing the output energy sufficiently should have resolved the problem and, because
it didn't we further concluded that the minima across the profile must be well below the
ablation threshold.
When we inserted the second cylindrical lens at right angles to the first we produced a
smaller spot and the plume was shorter. The use of the alternate lens arrangement fig
3.4 i.e. with the diaphragm and with the two cylindrical lenses rotated through 90
relative to one another, resulted in the establishment of a steady state interaction. No
shortening of the plume, from the new level established, occurred over the next
>150,000 shots at 500 mJ in pure oxygen at 160 mTorr. The plume formed was smaller
than with the original lens configuration, consistent with the energy being compressed
into a smaller focused spot. The deposition rate was about a third of that previously
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obtained i.e. about 0.05 nm per pulse. Naked eye examination of the target showed that

a series of concentric circles had been formed. XRD results for the steady state tar
fig 4.3 (a), showed that the intensity of the peaks from the YBCO 123 phase were

reduced to levels similar to the degraded target and that the intensity for the peak
the 211 phase were increased but not to the extent seen in the degraded target. This

result is consistent with similar changes having occurred but to a lesser extent tha

in the degraded target. More generally, remembering that ideally the unablated mater

is unaffected by the laser, one can say that the effect of the ablation is to reduce

crystallinity of the surface. The films produced throughout the several months use o

this target continued to be single phase YBCO, and the affect of the energy left in th

target is therefore sufficient to collapse the crystalline structure but not to allo
incongruent melting which produces the 211 phase.
SEM images of the target surface still showed some cones, but they no longer

completely covered the affected area. Trying to relate the areas with and without co
was problematical and it was found that one could get a gOod sense of their incidence
by producing a series of adjoining SEM images.

Fitting the printed images together gave a different and useful perspective. The rev
structures can be related to one another and a model for cone formation may be

proposed. The relationship of the series of adjoining images to the affected area on
target is shown in fig 4.6. ^^J^^^ The adjoining images
//y~ ~r^\\^^^^' m n fi"0111 m e centre to
/// /^ */X\
the side i.e. a - b
Cross hatching I | / /f \ / A\
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Figure 4.6 shows the relationship of the adjoining SEM images to the affected area of the YBCO target
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In fig 4.7, the left hand column stands on the right hand column, i.e. the bottom of th

right hand column corresponds to 'a' in fig 4.6 and the top of the left column to 'b' i
fig 4.6.
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Figure 4.7 T h e series of adjoining S E M images, left hand column stands on right hand column, are part of
a continuous profile taken @x350 radially across the affected region of the steady state target after
150,000 shots at 500mJ in 160mTorr of oxygen. The observed features point towards the laser source.
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The profileometer results for the target show the surface of the footprint to be eroded t
varying extents below the original surface. This does not preclude the possibility of
cones growing out of the surface by re-deposition but, as will be discussed, requires
alternate mechanisms of creation and dissolution.
We found that cones had been formed on the target on each occasion of plume
shortening and had verified that a lesser degree of shortening was associated with
intermediary stages of cone formation fig 4.5 (a). The cones, in this intermediary stage,
appeared to be growing through the incorporation of deposited material fig 4.5 (b). We
therefore expected that they would not be present on the steady state target, however in
fig 4.7- they are clearly evident. We also found, comparing 4.4 (a) and 4.4 (b) that the
degree of plume shortening and cone formation was less in the argon 8% oxygen
atmosphere.
The most significant difference between the degraded and the steady state targets is the
proportion of the footprint covered by cones. The laser affected areas of the degraded
targets were completely covered in cones whereas in the steady state target a range of
features may be seen including cones grown beyond the original grain size and
appearing more flattened. The fully formed cones occur over 10% - 15% of the
footprint, some regions have a honeycomb appearance fig 4.8, others look like the
remains of ablated cones or like a larger scale honeycombing and still others show the

deposition referred to in fig 4.5 (b). In general the SEM images of the steady state targ
can best be described as showing cones in various stages of formation and dissolution.
From the target SEM profile we can see in fig 4.7, and more clearly in the larger image

of the region indicated, fig 4.8 at the edge of the affected area, the first indication o
laser target interaction. Individual grains show periodic features that appear to
honeycomb the structure. What seems to be happening is that a periodic variation in
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energy density is ablating adjacent areas at different rates. Significantly, it must be
noted that even those areas ablating more slowly are still being ablated.

Figure 4.8 S E M image of Y B C O target @ x350 after exposure to >150,000 shots at 500 mJ in 160 mTorr

of 02 . Inner edge of laser footprint showing honeycombing. This image from bottom right of fig 4.7
observed features point towards the laser source.

The ablation proceeds, deepening the pits and thinning the walls. Individual grains can
be seen to have been shaped back to the original base and although these images are all
taken at the same time with respect to the number of laser shots, one gets an idea of the
time evolution leading to the complete ablation of the smaller grains.
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On the other side of the laser affected area, fig.4.7 and larger image fig.4.9, the same

sense of differential ablation rates is also evident however, the difference appears to be
smaller as the thin walled honeycombing is not seen.

Figure 4.9 S E M image of Y B C O target @ x350 after exposure to >150,000 shots at 500 mJ in 160 mTorr

of 02 . This image is from the outer edge of the laser footprint see fig 4.7, and shows ablation diffe
but to a lesser degree than fig 4.8. The observed features point towards the laser source.

Feedback from the emerging shape decreasing the effective fluence may enhance the
differential in energy deposition and magnify the effect but it is clear from fig 4.7 and
larger image fig 4.10 that at a sufficient fluence the cones are actually ablated away.

Figure 4.10 S E M image of Y B C O target @ x350 after exposure to >150,000 shots at 500 m J in 160

mTorr of 02. This image shows the dissolution of flattened cones that are evident just below the site of
this image see fig 4.7. The observed features point towards the laser source
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In fig 4.5 (b) one can see that deposition is taking place on the cones and we believe
that at least some of the deposited material is incorporated into the cones. This
mechanism allows for the growth of cones beyond the size of the original grains and is

consistent with reports on cones growing beyond the original target surface [12, 13, 14].
We had effectively resolved our problem of plume shortening but the investigations
into the formation of cones and information on the topic in the literature revealed
interesting aspects of the overall process. To make clear the nature of those aspects it
necessary to summarise the review on cone formation and to locate it in this section for
continuity.

4.2.3 Cone formation

In a series of papers written in 1982, Sipe, Young et al. [15, 16, 17] presented a theory
and supporting experimental evidence which showed that when laser light interacts with
matter, interference effects between the refracted beam and a beam scattered internally
by the nominally smooth surface produces periodic but non uniform energy deposition
into the matter. N.B. this does not require an inhomogeneous energy profile for the
incident laser. At low fluences this produces localised melting which alters the

absorption characteristics of the matter ultimately leading to the generation of periodic
structures on the surface. At higher fluences, where the melting is general, capillary
waves form which again results in the generation of periodic structures on the surface.
They further suggest that these waves are sinusoidal and that at even higher fluences
selective etching of the surface occurs due to preferential deposition of energy in the
valleys. In the third of their papers [16] they state that the common characteristics
observed on semiconductors, metals, and insulators and on solids and liquids, led them
to conclude that laser-induced periodic surface structures (LIPSS) by single laser beams
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is a universal phenomenon that can occur on any material that absorbs radiation,
regardless of its dielectric constant.
From the foregoing one might expect that the ultimate topography of any laser ablated
surface is a periodic distribution of cones, however we know from our own results and
those of many others that this is not the case. The existence of the precondition
necessary for cone formation i.e. the periodic structures, is fundamental to the laser
matter interaction, but whether or not this leads to cone formation depends upon there
being other circumstances which produce positive feedback for cone growth. A

literature search of the topic was undertaken to identify what these circumstances might

be. The results of that search are a list of facts about the cones and about the conditi
that affect their incidence.
The overview, we will assert as a true description of the PLD process, requires the

implications of how cones form as supporting evidence. For this reason we list the facts
here, and in point form, and then propose our model.

4.2.3.1 Facts about cones
1) Cones are produced by a range of wavelengths [11,18,15].
2) Cones are produced on most materials [ 11,17,15].
3) Cones are produced at different fluences on different materials [19,11,12,13,].
4) Cones may stand above the original surface [11,12].
5) Cones point towards the incoming laser pulse [18,11,17].
6) Cones may grow on single crystals [12].
7) The effect of the cut of that crystal is not apparent [12].
8) Cones are associated with droplet emission [11].
9) Cone formation is associated with plume length [this work].
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10) Cone formation is associated with deposition rate [11].
11) The incidence of relatively large droplets is associated with the existence of
cones and their direction [11].
12) Cone formation is maximized just below the ablation threshold [12,20,this
work].
13) Cones either do not form or form in a different way above the ablation threshold
[this work].
14) Cone size may drop if a higher fluence is used than that which formed them
[17].
15) Cone growth is affected by the pressure and nature of the ambient gas [13], this
work.
16) Cone growth on silicon may be stopped in an argon atmosphere [13].
17) Cones may appear to have once molten tips [12, this work].
18) Using a beam homogeniser and paying particular attention to fluence a clear

ablation threshold (Jth) for YBCO is established. Operation just below Jth results in the

formation of pencil shaped pillars (cones). Just above Jth the pillars have flat tops [1
A non-homogenised laser beam with an average fluence of lj/cm2 (suggested to have at

best a gaussian distribution ) shows regions at the edge of the laser spot above, at an

below the threshold fluence and consistent with this the cone formation is maximised in
the region just below the threshold [19].
19) Using a beam homogeniser the topography over the whole spot (implied) shows
cones below the threshold and flat tops above [18,19].
20) Rastering the beam on a rotating target reduces the roughness of a titanium
target from lOOmicron to lmicron i.e. removes cones [18,17].
21) Droplet emission is highest just below the threshold fluence [17].
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4.2.3.2 Cone formation model
Cones may grow on any material provided the differential in energy deposition results

in the requisite ablation differential. This mechanism is a function of the rate of mater
removal and a continuum of structures may result. Cones may also grow, starting from
the same initial mechanism, but proceeding by a process of etching, deposition and
incorporation that once again requires certain conditions to apply, however in this

instance it seems that particular atmospheres and pressures also have a part to play [16]
Given the first of these two mechanisms it is possible to understand how the presence of

cones is not necessarily inconsistent with steady state ablation and stoichiometric films
Plume shortening and a drop in the deposition rate are however, indicators of the second
mechanism and its associated problems of particulates and increasing off
stoichiometry. Recent work by Lowndes and Pedrazza [15,16], shows lower rates of
cone growth on silicon in reduced oxygen atmospheres and they suggest that outcomes
of growth or dissolution of surface features depend on the relative rates of etching and
redeposition with the redeposition rate being dependent on the atmosphere.
We saw, across the laser footprint on our YBCO target, regions corresponding to each
of these conditions and also regions where the conditions appear to have changed.
Variations in laser energy in space and time as well as different locations within the
energy profile of the laser, impinging on a given spot on the target will minimise the
extent that fixed conditions apply in specific locations. Reports [17], of low levels of
particulates associated with beam homogenisers appears consistent with the particulates

being associated with the creation and destruction of surface structures. It is clear tha
using a beam homogeniser will not remove the inhomogeneous energy deposition,

however it is likely that for each material there will exist a fluence that will minimise
the ablation differential and hence the formation of surface structures and apparently
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particulates. In our case the addition of the extra lens appears to have decreased the
proportion of the laser footprint below the ablation threshold. It is likely that the
combination of factors discussed, including the polycrystalline nature of the target,
makes definitive statements about, and control of, cone formation, extremely difficult,
but it may suffice to know that the essential requirement is a reproducible ablation
process which is achieved by bringing the target to a steady state condition and is
verified by the maintenance of a consistent plume length.
The existence of this steady state condition however, does not guarantee the ideal case.
As we have shown, a steady state condition may prevail when the proportion of
degraded surface is less than a certain amount. We suggest that the association between
cones and particulates is through the cone dissolution. Ideally one should operate with
as uniform an energy profile as possible, just above the ablation threshold to minimise

the formation of cones and hence particulates. It may be that the creation of cones, even
without the use of a beam homogeniser, can be greatly reduced by the use of less
oxygen in the deposition atmosphere. This question is explored and discussed further in
a later section.

4.3 The plume substrate interaction - the condensation stage
4.3.1 Introduction
Having set up the new PLD system our first priority was to verify our capacity to
produce quality YBCO films. We went to the literature to establish the optimum
conditions. Most groups have reported their capacity to produce films with roughly
optimum characteristics. Unfortunately, the deposition parameters used by the
individual groups vary within broad limits [21, 22, 23, 24, 25]. Each group develops a
similar but unique recipe of deposition parameters, which, combined with other system
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specific characteristics, optimises their film properties. The implication of this is that
the set of parameters being reported is not the whole story. We had no recourse but to
take midline figures as a starting point. Given the foregoing, there appeared to be two
strategies open to us to determine our own optimum conditions. The first of these was
to take a basically empirical approach i.e. we could try to identify the relative
significance of each of the parameters and then, working from most to least significant,
adjust them up or down to establish film outcomes. This, seemed to be the approach
that most groups had taken and is how we began. It quickly occurred to us, however,
that a true description of the proximate causes of film outcomes should result in one
optimum recipe for all systems and for us to add another system specific recipe would
be of little value. The second, and preferred, strategy was to use the scientific method.
Accordingly, we formulated the questions; What are the unique characteristics of the
PLD process and by what mechanisms do they arise? The individual properties of
different atomic species, as discussed in section 1.4.3.3, should lead to differences
between the stoichiometry of the source and of the film and yet for PLD it is clear that
this is not necessarily the case. Characteristics of the pulsed laser deposition process,
such as the ability to produce stoichiometric films from stoichiometric targets without
compensation, point to the underlying mechanisms being fundamentally different from
those of other thin film techniques. Compensation here refers to the use of offstoichiometric targets or sources, to compensate for differences in the saturated vapour

pressure of the constituent species, at the temperature of the substrate. Consideration of
this and other facts about the process make it increasingly apparent that the film growth
mechanisms cannot be separated from the process that delivers the species to be
incorporated in the growing film. So, the question to which we are to apply the
scientific method is:
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How is it that target stoichiometry is maintained in the film?
The next step was to clearly state as many facts about the process as we could. These

facts would be gleaned primarily from the literature but also from reasoning apriori and
our own preliminary investigations. We would then have to propose hypotheses and
ways of testing them. It is necessary for the continuity of the argument to repeat many
points previously raised in the topic review. These points are discussed however, in a
different way from that seen in the literature and with the accent being on the
implications of each point.

4.3.2 The facts and their implications
1) There is no requirement for compensation, to produce multi-element films with PLD,
in contrast to continuous, steady state deposition techniques. The rate of evaporation
(VR) or growth (VG) of a film surface is typically described using the equilibrium
expression [26, 27]:

(27cMk B T) 2

Here P is the vapour pressure and P0 is the saturation vapour pressure for species with
mass M at temperature T, and the other symbols have their usual meaning; (P-P0) is
called the supersaturation and is the driving force for deposition or evaporation. For

complex systems it is clear that the value of this expression will be different for each
species. If for instance the substance consisted of A and B components with atomic
weights MA and MB and saturated vapour pressures of PA and PB respectively, the ratio
of deposited particles may be calculated [28]:
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Here CA and CB are the fractions of the components in the evaporation source. The
equilibrium expression (3) is comprised of two components, an absolutely general
expression [25] for the impingement rate:

P
1=

T

(5)

2

(27iMkBT)

and an expression for the desorption rate, which is derived from the equilibrium
condition where the net evaporation or growth is zero:

D - ?° 1 (6)
(27iMk B T) 2

For conditions that vary slightly from equilibrium, the expression is useful but it is c

that for PLD where the pressure is transient in both space and time and conditions are

clearly far from equilibrium, its efficacy is minimal. What may be said is, that the n
rate of growth is still determined by the difference between the impingement and
desorption rates and as the pressure goes up the impingement rate goes up.

2) There exist a multiplicity of system specific recipes for the production of similar
PLD films [20-24]. The inescapable implication of this is that the deposition parameters
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monitored and reported do not provide sufficient information to reproduce the film
characteristics in different systems. Further to this, we can say that results are
reproducible within the same deposition system and this means that it is not that the

process can't be controlled but that we are not directly controlling the ultimate process
determining parameters.

3) 2D (mesa type) and 3D (spiral type) features exist [29, 30], which means that the net
result of the retention of impinging species is non random. The impingement itself, is
random, therefore certain locations on the surface of the growing film are more likely
than others to retain adatoms. Now this means that adatoms must either move to these
favoured sites from their site of impingement or only those adatoms that impinge on
favoured sites are retained or possibly some combination of the two.

4) The incidence of edge and screw dislocations correlates with the incidence of non-

stoichiometric nucleation sites and, at least over certain dislocation densities, not wit

the release of misfit strain or with the number of dislocations in the substrate [31]. Th
latter two may indeed induce the formation of dislocations in the film but the number so
induced could only be a lower limit, as other causes such as the incidence of the
aforementioned non-stoichiometric nucleation sites dominates. It is concluded by Dam

et al. [30], and we agree, given his evidence, that the dislocations are formed as a resu
of the merging of misaligned growth fronts, when overgrowing precipitates.

5) Film surface features correlate with substrate features. Features, with dimensions of
the order of 5 nm and consistent with the overall background surface roughness (Ra),

that exist on the surface of yttrium stabilized zirconia <100> substrates, correlate with
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features in the surface of films of YBCO and Ce02 up to at least 200nm thick with Ra of
<20 nm. Growth mechanisms and hence which sites are favoured may be modified by
underlying structures.
This correlation had been noticed when, in some earlier work, film thicknesses were
being determined using an atomic force microscope. The scans had been done across

the step edge of patterned films, and some of the polishing scratches, that were evide

in the surface of the YSZ <100> substrate, appeared to continue across the film surfac
This didn't seem to be what one would expect with the substrate scratches being made

of features essentially the same as the background and having a surface roughness Ra o
about 5 nm. The films were up to 200 nm thick with typical 10 nm < Ra <30 nm.

Similarly the film surface features, consistent with the continuation of the scratches
were made primarily of patterns of the general background features. Outgrowths of up
to 70 nm were seen to be associated with these features.
Experiments were conducted to see if the correlation of outgrowths with film surface
features and with substrate features would be Verified. YBCO films were prepared on
YSZ <100> by PLD using the second of the configurations described in chapter 2. The
substrates were brought to a temperature of 800 °C. The target - substrate separation
was 70 mm. The fluence was approx. 3 Jem"2. The base pressure of the chamber was
approx. 1 x 10"6 Torr and the deposition pressure was 150 mTorr of oxygen. The YBCO

target was polished then pre-ablated for 10 minutes at the deposition frequency of 3 H
After 20 minutes deposition, the chamber was brought to 750 Torr and the heater

switched off. The films were patterned using the positive photolithographic technique.
After AFM examination of the YSZ/YBCO step edge and individual surfaces, Ce02
was deposited over the patterned YBCO films to allow for subsequent removal of the
YBCO with H3P04. This left patterned Ce02, (in the absence of an etchant for Ce02
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this technique has been found to work well). The Ce02 films were deposited for 10
minutes at 5Hz at 790°C and 750°C in 200mTorr Oxygen and Argon/10%Hydrogen

respectively. The YSZ/Ce02 step edge and individual surfaces were examined using a
AFM. All films were examined using XRD.
The 6-20 XRD scans showed that the YBCO had only (00/) peaks and the Ce02 was
>95% pure c-axis oriented. As shown in the AFM images figs 4.11 (a) and 4.11 (b)

there is a clear correlation between the substrate features and film surface feat
YBCO on YSZ and for Ce02 on YSZ respectively. Outgrowths associated with these
features indicated in fig 4.11 (b) are shown in fig 4.11 (c) and (d).

Figure 4.11. Atomic force microscope images of step edges showing feature correlation: (a) Y B C O on

YSZ and (b) Ce02 on YSZ. Detail of the correlation of outgrowths with these features on films with: (

contact image and (d) deflection image of the area indicated in (a). Images (a) and (b) 100 pm2 , (c
(d) 10 p m 2
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F I G U R E 4.11. Atomic force microscope images of step edges showing feature correlation: (a) Y B C O on

YSZ and (b) Ce02 on YSZ. Detail of the correlation of outgrowths with these features on films with: (c
contact image and (d) deflection image of the area indicated in (b).

6) The incidence of 2D and 3D growth features is altered by the deposition conditions

[29,30] which means that although underlying features can affect subsequent layers, the
extent to which they do so is moderated by the growth conditions.

7) Outgrowths exist on the surface of PLD YBCO and Ce02 films, and at least some of
them are associated with substrate features. Growth conditions control the extent to
which underlying influences propagate from layer to layer, and more specifically the
growth rate is different in certain areas of the film.

8) Investigations of plumes developed by pulsed laser on YiB2C307-5 have revealed the

presence of ions, neutral atoms and oxides of all species [32]. The trend, as you incre
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the distance from the target, is for a decrease in intensity of emissions from ions and
excited neutrals and for an increase in oxides [31]. Time of flight studies, for species
originating from the target, show a broadening of the intensity/time profile as you
increase the distance from the target [31,33]. These results are consistent with a
decrease in the energy of the highest energy species and a general decrease and
equilibration of the energies of all plume species. The energy of the species, in a plume
produced by pulsed laser, range from 10 eV - 100 eV, an order of magnitude higher
than other evaporative techniques [34]. It is not clear what the average energy is at a
typical substrate distance of 60 mm. Many studies on plume dynamics have been done
without a substrate or heater assembly in place so that the plume expands into a space
empty except for the ambient gas. Work done by Biggers [20] with the substrate heater
assembly in place, shows that the presence of such an obstruction causes variations in
the time of flight data. This is evidence of an increase in pressure at the substrate
surface whose effects feed back through the plume like a reflected pulse [20, 33]. The
localised and time dependent increase in pressure combined with the higher average
energies suggest a possible origin for the observed differences in thin film production
techniques.
In the more traditional techniques, the species that one wishes to deposit are evaporated
into a low pressure ambient, typically 10"8 Torr [27], so that the ratio of evaporated
atoms to residual gas atoms favours the condensation of the evaporated species. The
substrate is chosen to encourage epitaxy and its temperature is chosen to maximise
adatom mobility. Most theories of film growth include the stages of nucleation, growth
and coalescence. Commentators tend to limit their discussion to what occurs after an
adatom is located on the surface and it is usually assumed that the sticking coefficient,
i.e. the ratio of the number of atoms that remain on the surface to the number of atoms
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that impinge on the surface, is close to unity. This assumption is based on kinetic and
thermodynamic arguments on nucleation [25, 27], which although arguable as to thenapplication when the number of species is small, do produce qualitative agreement with
experiment. The significant factor is that for these techniques the consequences of the
assumption being not quite correct are minimal. We believe that for PLD these
assumptions are wrong and that their maintenance precludes understanding and hence
maximum utilisation of the benefits of PLD.

4.3.3 The selective retention model [35]
For films grown by pulsed laser deposition, we suggest that the fundamental

characteristic of the process is precisely that the sticking coefficient is far from unit
Films produced by PLD also pass through the stages of nucleation, growth and
coalescence but rather than rely on the mobility of adatoms and the extent of then-

surface diffusion to explain how this is done, if we invoke a model of selective retentio

we can not only explain these stages, but can understand all of the aforementioned facts.
In this model most interactions between the impinging species and the surface do not
result in the addition of an atom to the surface. Most atoms will have multiple
interactions with the surface and in so doing will, due to significant variations in the

relative sticking coefficients for different species and for different sites, selectively
build the most preferred phase.
The selective retention model incorporates two basic ideas: the first of these is that a

substrate surface presents to any impinging species a range of possible occupation sites.
For various reasons these sites have a greater or lesser capacity to accommodate species
over a range of energies and chemical potentials. The second idea is that if the
distribution of energies of the impinging species overlaps the range of capacities for
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accommodation on the substrate, then sites will selectively retain particular species,
typically as a result of multiple interactions.
Representing a singular surface using the terrace, ledge, kink model [26] gives a very
clear idea of how the selective retention model would operate. Fig 4.12 shows various

stages in the growth of {001} crystal surfaces of a simple cubic system. The capacity of
a site to retain an atom would depend on the number of bonds that could be formed.
Surface atoms could form a maximum of five bonds at a surface vacancy, four at a
ledge vacancy, three at a kink site, two at a ledge site and one on a terrace.

ledge adatom

Figure 4.12 Terrace ledge kink model of a singular surface showing various sites

The number of interactions per site, per unit time, in accordance with eq.(5), is a
function of the pressure and, while the pressure is maintained and an atom has not been
retained a site will continue to have interactions with impinging atoms. If we postulate
system where all of the impinging atoms have the same energy and the energy remains
constant and further that we have the capacity to set the energy at any level we choose,
then various scenarios can be envisaged.
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Firstly, for the extreme cases, if the energy is set such that even one bond would retai
an atom then every impingement would result in an atom being added to the surface and
the growth would be stochastic. If the energy is set very high where five bonds was not
sufficient than no growth would take place. If five bonds were required then surface
vacancies would fill up and growth would stop. If two bonds were sufficient then
terraces would grow to the edge of the substrate and growth would stop.
If the requirement that the impinging atoms all have the same energy is replaced by an
energy distribution such that equal numbers of atoms require 1, 2, 3, 4 or 5 bonds the

idea of selective retention via differing sticking coefficients emerges. A site that cou
accommodate an impinging atom that required only 1 bond could be said to have a
sticking coefficient of 0.2 since 80% of the interactions would be with atoms that were
too energetic and these atoms would not be retained.
More and more complexity can be added back into the basic model provided the actual

conditions of deposition, are still reflected by the model. Real features such as spiral
growths can be seen as the predictable outcomes of high energies and substrate surface
temperatures. The ledge that tapers back to where a screw dislocation emerges from the
surface, provides ongoing preferential growth sites as the ledge winds around the point
of emergence producing the spiral growth.
Analogous to the scenarios of suggested conditions, for a given energy profile of the
impinging species, there will be an upper limit to the substrate temperature which when
approached will limit the capacity of all sites to accommodate any species and in this
way tend to result in the growth of high temperature phases. Similarly, as the lower
temperature limit is approached, increasing disorder is locked into the growing

structure, poorer and poorer crystallinity results and eventually a completely amorphous
film is formed. Between these extremes, variations in the substrate temperature will
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modify the differences in the sticking coefficients of various sites and hence the growth
mode that is manifest. For a given substrate temperature, energy profiles that have
increasingly high average energies will decrease the average sticking coefficient once
again to a point where stoichiometric films are not formed. Decreasing the average
energy will increase the sticking coefficient probably resulting in the formation of an
amorphous film. The low end of this energy range, consistent with a very large
separation of target and substrate compared to the plume length, would more than likely

result in the failure to form a collisional layer at the surface of the plume and a genera
breakdown of the model. The model, as stated, requires multiple interactions between
the growing surface and a high collisional layer adjacent to the surface.

4.3.4 Summary
The use of a diffusion mechanism alone, with a sticking coefficient close to unity
cannot explain the observed behaviour. The mapping of substrate features by the
process of film growth such that features are magnified, clearly requires preferential
growth. The existence of outgrowths on the film surface, associated with substrate
features is indicative of an even greater degree of site selection. The increased
occurrence of spiral 3D growth over terraced 2D growth with increased deposition
temperature developing from random impingement, requires some form of selective
retention. This is so, because given random impingement, opportunities must arise for
both growth modes dependent only upon preconditions. The most important implication
of the surface retention model is, that for a given substrate, instead of many variables
having a direct influence on the film growth, there are two. One is the substrate
temperature, which is easily controlled, and the other, is the pressure profile of the

ablated species established at the surface of the substrate. Admittedly, the latter of the
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is derived in a very complex way from many of the normally quoted parameters, but we
thought that if we could monitor the pressure profile, we would find that what had
hitherto been a multitude of different recipes for optimising film properties, would be
shown to be differing pathways to the same pressure profile condition.

4.3.5 The pressure profile
Ideally we would have shown this directly i.e. by showing that different combinations
of parameters could produce the same profile. Unfortunately, we had no way of
measuring the pressure as a function of time and position. We tried a couple of methods
with commercially available equipment, such as a piezo miniature pressure sensor and
an adaptation of a capacitance manometer but neither possessed the required

combination of sensitivity and response time. It was thought, that within the time frame
of the PhD, efforts to develop such a technique might be too ambitious and that an
alternative approach may be viable.
The parameters in question are the substrate temperature, which can be directly

controlled, and the pressure profile of the ablated species. We felt confident that with
our steady state laser target interaction and with a consistent chamber atmosphere, gas
and pressure, the pressure profile would depend primarily on the target to substrate
distance.
We thought that increasing the target to substrate distance would decrease the maximum

species energy, decrease the range of energies and increase the duration of the pressure

pulse. Increasing the substrate temperature would decrease the capacity of the surface t
accommodate the higher energy species as well as reduce the energy absorbed through
each interaction. If this were true then there should exist a range of combinations
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producing similar results. To illustrate the argument we have produced the following,
tables 4.1 and 4.2 . In table 4.1 points have been allocated for the temperature of the
surface and the energy of the incoming species. (The range of temperatures and values

for species energies in tables 4.1 and 4.2 are chosen arbitrarily to illustrate the poi
being made and do not reflect any particular expectations).

Table 4.1 Proposed point system for selective retention of impinging species
Surface temperature
Species Energy
points
Points
(eV)
°C

900
850
800
750
700
650
600
550
500
450
400

10
9
8
7
6
5
4
3
2
1
0

50
45
40
35
30
25
20
15
10
5
0

10
9
8
7
6
5
4
3
2
1
0

O n e can imagine a scenario where an impinging atom m a y accumulate no more than 10

points to be retained. In this instance at 850 °C only species with 5 eV or less would b
retained. Combinations from the middle of the table, of lower surface temperatures and
higher energies such as 800 C

and 10 e V or 700 C

and 20 e V would produce an

equal probability of retention and illustrate a possible origin for variations in state
optimum conditions. In table 4.2 individual bond energy capacities decrease with
surface temperature. The overall capacity to retain species depends upon individual
bond energy capacities, times the number of bonds.
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Table 4.2 Energy of impinging species accommodated for a given number of bonds over a range of
temperatures.

N o of
bonds

1
2
3
4
5

650 °C

700 °C

750 °C

800 °C

850 °C

900 °C

5eV

4
8
12
16
20

3
6
9
12
15

2
4
6
8
10

1
2
3
4
5

0
0
0
0
0

10
15
20
25

At higher energies or surface temperatures there is an increasing tendency for site
selection. This would increase the likelihood of spiral 3D over terraced 2D growth.
should also expect that mapping of some substrate features is more apparent.
4.3.5.1 Discussion on experimental difficulties and approach taken

It is our experience that repeating an AFM scan as faithfully as possible does not a
reveal the same features. One may therefore not conclude, that a failure to reveal

particular features is proof of their absence. This means, that despite the fact that
substrate feature mapping is an argument for selective retention, the assessment of
degree of mapping is not a satisfactory tool to test the selective retention model.

Similarly, the determination of spiral or terraced growth is at the limit of resolut
AFM and is likewise therefore, an unsatisfactory tool. As shown in fig 2.15 and as

discussed in section 2.2.4, it is possible using an STM to distinguish between 2D and
3D growth. The transition from 2D to 3D growth has been shown by Dam et.al [36],
under certain conditions, to occur with increased temperature.
Even though we had no quantitative measure, of the change in pressure profile that

would be caused by changing the target to substrate distance, we still thought it mi

be useful to investigate the effects of such changes. To this end a series of films w
produced over a range of temperatures and target to substrate distances. The
temperature range was chosen from 650 °C to 800 °C. The low temperature of 650 °C is
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only marginally above the tetragonal to orthorhombic transition temperature for YBCO
and the upper temperature of 800 °C, being not so high that the stability of the YBCO
would require pressures of oxygen higher than the lower temperature films [37]. We
had in mind a target to substrate range of from 50 mm to 90 mm and were concerned
that we wouldn't produce a film at the maximum separation and at any higher
temperature. The minimum separation was chosen to ensure the existence of the high
pressure region adjacent to the heater block, and indeed effects of the reflection off
heater block on the ablation plume, could be seen with the naked eye. The maximum
separation was chosen for convenience of adjustment of the heater block assembly, and
because it allowed for variation in separations that should show changes in the films
produced.

4.3.5.2 Film thickness considerations
The value of n in the cosn9 dependence of the thickness of deposit, fig 4.13, becomes

smaller as you increase the separation. 0 is the angle between the normal to the target
originating from the spot centre and the line from this origin to the point considered
the substrate. For a given set of deposition conditions the maximum thickness and the

range of thickness decreases as the target to substrate separation increases. Variation
thickness may result in changes to the orientation of the film, but it is thought that

applies to thicker films of the order of a micron and that for the thickness range of t

series of films produced, 100 nm - 300 nm, will be only a minor factor and at least, le
significant than guessing what changes in deposition time would lead to similar
thicknesses.

151

-Pulsed Laser Deposition

cos(x)An
1.2 i

-X—(cos(x))A2
-A—(cos(x))A8
-B-(cos(x))A20

-1 -0.7 -0.4 -0.1 0.2 0.5 0.8

Figure 4.13 Thickness °c cos n 0 dependence offilmthickness with 9°

4.3.5.3 Post deposition treatment of films and characterisation
A post deposition treatment which involved cooling from 650 °C - 350 °C over 90

minutes while maintaining the oxygen pressure at >700 Torr was used for all films in
the series to ensure the oxygen content was a maximum [38]. An X-ray diffraction
pattern was produced for each of the films in the 0 - 20 mode at 40 KeV and 30 mA

over a range from 20 = 5° to 60° at 4° per minute with a sample size of 0.03°. Coppe

radiation with A,=1.5418A, was used for all films. Omega scans (rocking curves) were
obtained from all of the (00/) 0-20 peaks. The omega scans were done at 40 KeV and
30 mA from -4° - +4° at a rate of 4° per minute and with a step size of 0.03°.

4.3.5.4 Consideration of errors in characterisation

Six XRD scans were redone on the original samples and the variation in 20° of the (0
peaks was found to vary up to 0.1° but was typically less than 0.05°. The variation
FWHM of the omega scans done on these peaks was <0.08 . The deposition conditions
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were repeated for one film from each target to substrate separation and the XRD scans
of those films verifies the reproducibility of the above results.

Three of the original films were deposited onto reclaimed substrates. These were redone
on new substrates. The variation in the 20° of the (OOf) peaks were as for the original
films i.e. less than 0.05°. The FWHM of these peaks was found to vary significantly up
to 0.8°. The results from the repeated depositions are used in the following analyses.
Given the foregoing it may be confidently asserted, that errors in the 20° location of
peaks and in the FWHM of the co-scans done on these peaks, are usually less than 0.05
and are certainly less than 0.1 . For a given scan the relative values of 20 positions
the peaks and the relative results for FWHM of these peaks could be said to have half
this error. Variations greater than this reflect real changes in the material.
Information obtained through direct comparison of the peak intensities of 0 - 20 scans,
must be analysed with caution because of the effects of sample placement. The presence
of the strong peak associated with the YSZ substrate however, provides some
confidence that the samples have been correctly positioned in the diffraction plane. In
this instance we are only hoping to see if any trends are evident.

4.3.6 Results
4.3.6.1 Results and analysis for 0-20 XRD scans
All combinations of temperature and target to substrate distance resulted in films
showing only c-axis YBCO peaks except for the film deposited at 650 °C and a target to
substrate separation of 50 mm which also showed the a-axis peaks (100) and (200). The
0 - 20 XRD scans are plotted for the four distances against temperature fig 4.14 (a),
(b), (c) and (d), equivalent to 650 °C, 700 °C, 750 °C and 800 °C respectively, and for

the four temperatures against distance, fig 4.15 (a), (b), (c) and (d), equivalent to 50
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mm, 60 mm, 70 mm and 90 mm respectively. In each plot the peaks have been offset by

1° to facilitate comparison. In fig 4.14 (a) the highest intensities are from the (100) a
(200) 'a' axis peaks.

From fig 4.14 a few points are noteworthy; there is significant disparity in the intensit
of the peaks between scans. Generally the higher intensities are associated with the
higher energies, i.e. the smaller values of target to substrate separation, however the
greatest intensities do not arise from the combination of highest energy and highest

temperature. There is considerable variation in the relative peak intensities of individu
scans which is indicative of variations in oxidation or structure. (See topic review
section 2.2.6). Comparison of fig 4.15 with fig 4.14 shows that target to substrate

distance is a more significant variable than the temperature i.e. variations in temperatu

for a given separation result in smaller changes in peak intensities. The trends observed
in fig 4.15 are more evident in fig 4.14. The highest intensities arise from the higher

energies. Further to this, in figs 4.15 (b), (c) and (d) as the separation is increased t
greatest peak intensities come from progressively lower temperatures. This is most
likely associated with a decreasing number of interactions between the high pressure
region adjacent to the surface, and the substrate surface itself. It does not contradict
idea of temperature compensating for energy or energy compensating for temperature,
over a range of values, providing a large number of interactions is occurring.
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Figure 4.14 6 - 20 scans for Y B C Ofilmsproduced (a) 650 °C and (b) 700 °C at target to substrate

separations of 50 mm, 60 mm, 70 mm and 90 mm. The scans have been offset to facilitat
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Figure 4.14 9 - 20 scans for Y B C O films produced (c) 750 °C and (d) 800 °C at target to substrate
separations of 50 mm, 60 mm, 70 mm and 90 mm. The scans have been offset by 2° to facilitate
comparison
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Figure 4.15 0 - 20 scans for Y B C O films produced at target to substrate separations of (c) 70 m m and (d)
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facilitate comparison
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To further illustrate the points made in the previous paragraph, the x-ray data from fig

4.15 is normalised on the (005) peak and presented in fig 4.16 (a), (b), (c) and (
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Figure 4.16 0 - 20 scans for Y B C O films produced at target to substrate separations of (a) 50 m m and (b)
60 mm at target temperatures of 650 °C, 700 °C, 750 °C and 800 °C. The scans have been normalised to
the most intense (005) peak and offset by 1° to facilitate comparison
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Inspection of fig 4.16 (a)-(d) shows the trend of a decrease in peak intensity from
50,000 to 25,000 to 12,000 and finally to about 1,000 counts as you increase the target
to substrate distance.

4.3.6.2 The effect of thickness on intensity
In fig 4.17 the normalised (005) peak is plotted against film thickness and a clear
relationship between intensity and thickness is evident.

X R D intensity of the normalised (005) peak V film thickness
as a function of target to substrate separation
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Figure 4.17 X R D intensity of the normalised 0°-20° (005) peak Vsfilmthickness for various target to
substrate separations.

In fig. 4.18 the film thickness is plotted against the target to substrate separation. If the
flux of ablated material spread out evenly in all directions ahead of the target face, and
all material was retained, one would expect the drop in thickness to be inversely
proportional to the square of the distance, i.e. film thickness <* 1/ rn with n = 2.
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W e k n o w that the p l u m e has a significant degree of forward focussing and the flux of
material is greatest perpendicular to the target surface. We should therefore, expect the
exponent n to be less than 2. Fitting curves of the form:
film thickness = a/ rn to the data points shown in fig 4.18 gives values of n >2.
Although there are not a large number of data points it seems evident that the retention
is not 100%. Variations in the exponent for the different temperatures arise from the
combined effects of species energies and substrate temperatures being more or less
conducive to species retention. The thickness results at a target to substrate separation
of 50 mm, i.e. the highest species energies, indicate that the mechanisms of
accommodation are not simply a matter of higher surface temperatures retaining fewer
of the impinging species.

350

Film Thickness V s T-S separation
for a range of temperatures

300 h

• 650°C -. exp = 3.04

250

?

a 700°C exp = 2.15

PI

• 750°C exp = 2.7

w

200

o 800°C exp = 4.245

OO
CO

U

o 150

a
p

100
50
0

40

50

60

70

90

80

Target to substrate separation (mm)

Figure 4.18 Film thickness plotted against the target to substrate separation for a range of temperatures.
For each temperature a curve of the form, film thickness - 1 /

n
T

is plotted and n is shown.
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Infig4.19 the film thickness is plotted against substrate temperature for each of the four
target to substrate separations. It is clear that the films are thicker for smaller

separations. It also seems apparent that the effect of the substrate temperature on specie
retention, is greater for higher species energies.
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Figure 4.19 Film thickness plotted against temperature for a range of target to substrate separations

4.3.6.3 T h e relative intensities of the (00^) 9 - 20 X R D peaks

Inspection of fig 4.16 also shows the variation in relative intensities of the various (00
peaks. The integrated intensities for the (004), (005) and (006) peaks were obtained
from the 0 - 20 XRD scan of each film. The ratios of I(005)/I(006) and 1(005)/1(004)
are both used to confirm the oxygen doping level, and the ratio of I(004)/I(006) to
determine the degree of structural disorder.
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The experimental data of Farnan and that of Ye and Nakamura [36 figs 7 and 8], plotted
for 1(005)/I(006) and 1(005)/I(004) against the delta (5) value fromYiBa2Cu307-5, and

I(004)/I(006) against the c-axis lattice parameter are used as the basis of this secti

our analysis. Lines of best fit were drawn through their data and the equations of thos
lines were used to find the values corresponding to the ratios obtained from our data.
The data obtained using this approach was plotted for 1(005)/I(006) and I(005)/I(004)

against 5. All of the data was grouped with the range of temperatures for each target t
substrate distance and similarly with the range of distances for each temperature. The

results from the 1(005)/I(006) ratios were found to be generally supportive of that fro
the I(005)/I(004) ratio and because the original experimental data showed less scatter
for the I(005)/I(004) ratio we have more confidence in the data derived from it and
show only those plots here in fig 4.20 (a) and (b).

The integrated intensities were obtained using a fitting function as part of the 'Trace
software. The software gives the error involved in each fitting. For clearly defined
peaks, say three times the background or about 150 counts the error is < 2%. For the
weak peaks the error maybe as high as ±25%. The (004) peaks for films produced at
90mm at 750 C° and 800 C° are the only values with the large errors.
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Presenting the data with the target to the substrate distance as the primary key, as in
4.20 (b), more clearly indicates that the outlying data points are associated with the

extremes of our experimental conditions. The general interpretation of this data is that

most films have 5<0.2. Interestingly, the films made at a target to substrate separation
of 50 mm have higher values of 5. The fact that the original data, from whence the line

of best fit was derived also had some scatter, provides more rather than less confidence

that the doping is generally 8<0.2. That being the case we can look at the plot indicati

structural disorder for fully doped films. In fig.4.21 the I(004)/I(006) ratio against th
axis parameter is presented with the target to substrate distance as the primary key in

and with the temperature as the primary key in (b). Although the same data is plotted in
both, the different presentations reveal the relative spread of results, and we suggest,

relative importance of the two parameters. In fig 4.21 (b), where the temperature is the
primary key, we suggest that the groupings associated with the temperature show this to
be the more important parameter and that a substrate temperature of 750 C is the best

shown. This is in contrast to fig 4.20 where the target to substrate distance is the mos
important.
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This is in fact consistent with our model where we say that the unique characteristics
PLD emerge because the degree of supersaturation overrides the differences in atomic
mass. The primary requirement is that the high pressure region is established at the
substrate surface, however, the extreme case of supersaturation also swamps the
selection process. This may be accommodated to some extent by higher substrate

temperatures but if the supersaturation is too high the required temperatures increases

beyond the chemical and even physical limit of retention of the original stoichiometry.
Having formed the optimum high pressure profile and hence degree of supersaturation,
the critical factor for film structure becomes the selectivity of the surface. As the
temperature is increased from too low, through optimum to too high, the structure
moves through misplacement of atoms due to lack of selection, through optimum to too
high a degree of selection. When the selectivity is increased, preferences due to

chemistry alone are increasingly insufficient to retain atoms and the physical structur

becomes more significant. Retention at existing features such as screw dislocations, or
substrate scratches becomes more likely and 3D growth and substrate mapping more
evident. The film outcomes result from increasing or decreasing probabilities of
retention. Larger numbers of interactions allows the surface to be more selective.

4.3.6.4 Rocking curves (to scans) of (00^) 0 - 20 XRD peaks

To further investigate the model, the FWHM of the rocking curves done for all (OOf) 0 20 XRD peaks for all films were plotted. Similar to previous plots the data is

represented with temperature as the primary key in fig 4.22 (a), (b), (c) and (d) and w
the target to substrate distance as the primary key in fig 4.23 (a), (b), (c) and (d).
these plots each of the markers represents one of the (OOi) peaks. We believe that the

spread of the markers for each given combination of temperature and substrate distance,
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reflects the internal uniformity of the basic structure, and that the average value for each
combination indicates the mosaicity of those basic building blocks.
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With this idea in mind and the concepts proposed in the selective retention model the

plots of figs 4.22 and 4.23 may now be analysed. Firstly, a comparison of figs 4.22 and
4.23 shows that trends are more evident in fig 4.23 i.e. that the target to substrate

distance is the more significant parameter. The tightest grouping of markers and lowest
average FWHM over the range of temperatures occurs in fig 4.23 (b). The target to
substrate distance of 60 mm opens the widest window for temperature. At 50 mm and
650 C in fig 4.23 (a) the selection process is overcome by the degree of
supersaturation. Higher temperatures accommodate the supersaturation but increasingly
the selection favours growth at defect sites increasing the mosaicity. Increasing the
distance to 70 mm and then 90 mm shows an increasing breakdown in the process. The
process becomes more controlled not by selection i.e. temperature, but by the rate of
impingement of the correct atoms i.e. the degree of supersaturation. These results

support the selective retention model. One could accept the degree of supersaturation a
the unique characteristic of PLD and then try to use a diffusion model, however one

should then expect in figs 4.23 (a) and (b) decreasing mosaicity, i.e. decreasing value
of FWHM for increasing temperatures because of increased diffusion lengths. If the
temperature increases shorten the time on the surface, we have the selective retention
model. The selective retention model does not reject the idea of surface diffusion but
relegates its importance when discussing the unique characteristics of PLD.

4.4 The plume atmosphere interaction - the conditioning stage
4.4.1 Introduction

In the thesis we suggested that the plume of ablated material interacts physically with
the environment gas, creating an envelope which contains the ablated material and
separates it from the chamber atmosphere. We further suggested that the outcomes of
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this interaction are that at an appropriate distance from the target, the average ener
of the ablated material have equilibrated and decreased to levels that allow for

condensation to take place. The fact that condensation does indeed take place, combine

with evidence quoted in the topic review support these ideas and we believe them to be

generally not contentious. If at all, however, it is in the sense that the ejectants a
atmosphere species are separated by a higher pressure interface between the two. The

significance of this point, and its implications when combined with the idea of energy
transfer through the interface, are discussed in this section.
Our considerations of the role of the chamber atmosphere were done in the context of

YiBa2Cu307.s. It might well be argued, that the questions posed might have been better
addressed, by looking at a simpler system, however, understanding of how complex the
process can be, grew only as the investigations proceeded.

4.4.2 The oxygen paradox
It is a commonly held view, that to deposit complex oxides by PLD, requires an oxygen

atmosphere. This begs the question. What happens to the oxygen from the target? It was
our belief that arguments suggesting preferential scattering of the relatively light

oxygen atoms was not consistent with the idea of ejectant containment. We thought that
if the concept of containment was true, the lighter oxygen would be more readily
scattered back into the plume. Such a circumstance should negate the necessity for an
oxygen atmosphere in the chamber.
If the role of the atmosphere is to contain the ejectants and hence to increase the
effective partial pressure at the growing film surface, over and above the chamber
pressure, we might expect to see outcomes from films produced by pulsed laser
deposition being similar to those of other techniques at relatively higher partial
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pressures. Alternatively, it is possible that the extremely high oxygen mobility m a y

cause the oxygen content of the growing film to cycle with the effective partial pressu
which may be cycling back to the chamber pressure. If the latter is true then the cycling
of the effective partial pressure of the oxygen may be of little consequence and film
outcomes are determined by the chamber pressure.
The temperature Vs partial pressure of molecular oxygen YBCO stability diagram,
redrawn from Feenstra [39] is shown in figure 4.24
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Fig 4.24 Oxygen partial pressure versus temperature diagram showing liquid phase boundaries, stability
criteria, lines of constant oxygen stoichiometry of Y.Ba^O^ together with the CuO-Cu02-02
equilibrium line. Experimental and extrapolated ranges are indicated by solid and dashed lines,
respectively. This figure is redrawn from ref [38]. The figure also shows suggested deposition and post
annealing conditions.
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Several general statements can be made about the relationship between the ambient
partial pressure of oxygen, the temperature of the film and the equilibrium oxygen
content of the film after inspection of fig 4.24.
1. At a given partial pressure of oxygen, increasing the temperature decreases the
equilibrium oxygen content of the film.
2. At a given temperature, increasing the partial pressure of oxygen increases the
equilibrium oxygen content of the film.
3. There exists a wide range of pressures and temperatures at which YBCO may be
deposited and these reflect the boundaries of equilibrium conditions.
4. The lower boundary for formation of YBCO is the formation of the tetragonal
phase at x = 1.

If the role of the chamber atmosphere is to be tested it is at the boundaries of stabil

It appears that it is beneficial to operate close to the stability line because this re
a region that maximises the cation mobility. A relatively low pressure of oxygen leads

to a greater number of oxygen vacancies within the structure and it is thought that the

lattice distortion that this produces, enhances the cation mobility. Higher temperature

also increase the cation mobility and one can therefore see that a given mobility can b
achieved with different combinations of temperature and oxygen pressure.
It may be that this is the reason that better c / a axis orientation is encouraged by
depositing with a slightly oxygen deficient environment. This may also support the use
of other gases within the deposition chamber to provide the energy transfer and

containment roles if such roles do in fact exist. Atomic oxygen may still be required t
some extent to form the structure and this may be best obtained by collisions between

the metal atoms and the diatomic oxygen. Care must be taken to ensure the film is never
left below the stability line and it may be that this is the only role of the chamber
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oxygen during deposition i.e. to provide a lower limit in the cycling of the oxygen
partial pressure. It is suggested in the literature that 730 °C and 200 mTorr of oxygen
are optimal deposition parameters because they allow for continuous annealing of the
growing film.

4.4.3 The role of the chamber atmosphere
4.4.3.1 High pressure region at the substrate surface
We know, from time of flight studies referred to in the topic review, that the pulsed
nature of the process produces cycling in the partial pressure of all species. We also
know from the literature and by direct observation, that the dimensions of the visible
plume decrease with increasing chamber pressure. We also have in the literature,
evidence of a reflected pulse of material that occurs when a barrier such as a heater
block, is placed in the path of the evolving plume. We contend that this is consistent
with the creation of a high pressure region at the surface of the growing film.
To test for such a region we took video images of the process with a digital camera.
Usually the images, fig 4.25, show only the visible plume, in some instances however,
fig 4.26, the relative timing of the shutter speed and the pulse, show that after the
normally-observed pulse has faded, there remains an emitting region at the surface of
the heater. We believe these images provide further evidence for our contention.

Heater

target

*S block

substrate

Figure 4.25 A typical P L D plume, shutter: 1/10 Aperture: 8.0 ISO: 100
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Heater block

"" ^m
substrate
Figure 4.26 A n image of the region above the substrate after the normal plume seen infig.4.25 has faded.
Shutter: 1/30 Aperture: 4.9 ISO: auto

4.4.3.2 Replacing oxygen with argon
During the pulse, the oxygen, like the other species, is supersaturated with respect
formation of YBCO. The as deposited oxygen content of PLD YBCO films depends

upon several factors but they will always be underdoped and a post deposition anneal i

atmospheric pressure oxygen will be required. The role of the total atmosphere press

is as stated in the thesis, i.e. to provide back pressure for the ejectants so that an
envelope may be formed and containment effected, but this role may be carried out

using any gas and it seems most useful to use an inert gas such as argon. From the top
review it seems that the envelope forms at about 100 mTorr of chamber pressure.
The next question was what partial pressure of oxygen is required to stabilize the
YBCO film. Clearly, because we didn't know the lower limit for effective partial
pressure between pulses, we had no option but to guess. For an initial proof of the
concepts and for comparison with our other work, we produced a film at a target to
substrate separation of 50 mm, a substrate temperature of 700 °C and a chamber
pressure of 160 mTorr. The chamber atmosphere was made with bottled gas with a
certified content of 8% oxygen and 92% argon. This gives a partial pressure of oxygen
of approximately 13 mTorr. The other deposition parameters were the same as used for

all other films referred to in this section. During the deposition the plume was stro
much less defined than with the typical oxygen atmosphere. The central region of the
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plume was bright as normal, with the outer regions appearing more diffuse. The plume

extended to the heater and encompassed the substrate. Immediately after the depositi

the heat treatment cycle was begun. The heat treatment included dropping to 600 °C as
quickly as possible, bringing the chamber to 700 Torr of oxygen and then cooling to
300 °C at 2 °C per minute. The XRD 9 - 20 scan is shown in fig 4.27
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Figure 4.27 The 0 - 26 X R D scan for the Y B C O film produced by P L D in 160mTorr of 8 % oxygen, 9 2 %
argon.

Analysis of the integrated intensities obtained fromfig4.27 shows the film to be fully
doped with, 0.05 <5<0.15 and a c-axis parameter of about 11.7 A. The FWHM of the

(00^) peaks from the co-scan range from 1.2° to 1.4° and give the impression that the
temperature was too high. The range of FWHM values is quite small at 0.2 and at an
average of 1.3 is most like the film produced in oxygen at T-S 50 mm at 800 °C. The

production of this film proves, that if the function of oxygen in the chamber atmosp

during deposition, is to replace oxygen from the target which has been preferentially
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scattered out of the plume, then, under the specified conditions, a partial pressure

oxygen of 13 mTorr is sufficient. To try and see if this was contingent upon the tota

pressure being 160 mTorr, we produced another film at a total pressure of 15 mTorr of
oxygen. Prior to this film, however, we aimed to improve the FWHM values to be more
like those of the original set of films i.e. about 0.6° - 0.8°.

To this end and to further explore the role of oxygen in the PLD of the complex oxid
YBCO we produced another series of films. Unfortunately, work done on the laser and

chamber meant that comparison with films of the first series could be only qualitativ

4.4.3.3 The motivation for argon trials and the rationale of our approach

When originally considering the impact of the reduction of the partial pressure of t
oxygen, we had several other ideas in mind and the significance of the reduction in

terms of the equilibrium diagram emerged only after we evaporated some films we were

trying to anneal. Our original motivation was to improve the film quality generally a

to test the idea of ejectant containment. A misunderstanding of film stability i.e. t

because higher temperatures require higher partial pressures of oxygen, the productio

of a film at lower partial pressure of oxygen as part of the total pressure would pr
the containment hypothesis motivated us to test lower temperatures and pressures.

Additionally we thought that if the availability of low energy oxygen were reduced w

would form less of the metallic oxides close to the target and positive feedback for
formation would be reduced. We thought that the opportunity for the formation of

clusters in the plume would be reduced and we would not generate particulates from t
plume. We thought that if less oxides were formed we would have a lower number of
nucleation sites for film growth, a lower requirement for such sites to be overgrown
for islands originating from them to coalesce.
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The first point should be supported by observing a lower number of cones formed on
the target for 02/Ar atmosphere compared to 02. Each of these points should result

lower number of particulates on the film and if the third point were true we should
smoother films.

We also thought that exchanging oxygen for argon might reduce the defocusing of the

plume caused by recombination reactions. This, if true, would result in a higher spe

energy for a given laser fluence for 02/Ar atmosphere compared to 02. This should b

seen as comparable to decreasing the target to substrate separation. Finally we tho
that we might be able to produce similar films at a lower temperature.

4.4.4 Establishing a baseline
4.4.4.1 Temperature

As previously stated, our first aim was to establish the minimum temperature at whi

we could produce a c-axis film and to improve the FWHM values to be more like those

of the original set of films i.e. about 0.6° - 0.8°. We produced films at 700 °C, 6

600 °C, and 550 °C. The XRD 2-Theta scans are shown in figure 4.28. The deteriorati
of the FWHM of the 20 (OOL)peaks, as the temperature is decreased, can be clearly
seen.
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Figure 4.28 The 0 - 20 X R D scans for the Y B C O films produced by P L D for a range of temperatures in
160mTorr of 8% oxygen, 92% argon.

In table 4.3 the FWHM values for the co-scans of the (005) peaks show a general

deterioration with temperature. Inspection of the equilibrium diagram, fig 4.24, a

to indicate that there should be no problem with the stability of an YBCO film pro
at 13 mTorr of oxygen and at 550 °C. With the decrease in temperature we move in
direction of greater stability. We know from the literature that there is minimal

mobility below 600 °C. Film production using PLD, because of the relatively large

deposition rate, may have an increased requirement for cation mobility over other
vapour deposition techniques.
Table 4.3 Deposition parameters YBCO films produced in 160mTorr of 8% oxygen,
9 2 % argon.

film
fl 50902
fl 30902
fl 20902
fl60902

gas

pressure
(mTorr)

Temp
(c)

O/Ar
O/Ar
O/Ar
O/Ar

160
160
160
160

550
600
650
700

distance

(mm)
62
62
62
62

energy
(mj/p)

frequency
(Hz) '

290
290
290
290

3
3
3
3

FWHM
omega
scan
1.6
1.35

1.3
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4.4.4.2 Species energies

The FWHM values for the co-scans were much greater than the 0.6° - 0.8° of our first

series of films and we believed that the energy of the impinging species was too hig
This in turn we thought might be due to a lack of focusing and containment of the
ejectants. In the reduced oxygen atmosphere the visible plume was very diffuse,

consistent with the reduced formation of oxides. The boundaries of the plume were no

as well defined as for oxygen atmospheres and we did not feel that the location of t

visible plume for the different atmospheres was giving us the same information about
the location of material.

By bringing the total pressure of the gas mixture up through 150, 200, 250, 300, 350
400 mTorr the visible plume shifted through a progression similar to that shown in
figure 4.29 (a). The leading edge of the plume was an arc, and at 285 mTorr we
established a plume substrate relationship like that shown in 4.29 (b)
(a)

150 mTorr

(b)

^
target

figure 4.29 (a) The progressive containment of the visible plume as the pressure of the Ar/0 2 gas mixture
is increased, (b) The relationship of the plume to the substrate and heater block at 285 mTorr.
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A film was produced with the plume substrate configuration shown in fig 4.29 (b) at

650 °C and at 190 mjP"1, ex the laser. This film showed no significant differences to t

previous film at 650 C accept for generally lower peak intensities and some indication
of increased structural imperfection.
At this stage of our investigations we wished to confirm our ability to reproduce the
film characteristics of the oxygen series. Maintenance had been done on the laser and
we were uncertain as to its impact on film outcomes. We therefore produced a film at

our previous optimum conditions and found that we did in fact get results that were ve
similar.

4.4.4.3 Repetition rate
Turning back to our Ar/02 atmosphere, we thought that maybe the poorer results were

due to the partial pressure of the oxygen dropping too low between pulses. To test thi
possibility we produced a film at 10 Hz with the other parameters the same as a

previous film. The structural'characteristics of the two films were very similar. In f
4.30, which compares the XRD 9-20 scans of films which have only the repetition rate

or the atmosphere changed, we can see that the greater influence clearly comes from th
change in atmosphere.
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Figure 4.30 Showing the X R D 0-20 scans of Y B C O films produced in oxygen and argon/oxygen
atmospheres and at 3 Hz and 10 Hz as labelled.

We interpreted the similarity as meaning, that either the lower limit of the
supersaturation of the oxygen didn't matter or that the difference in repetition rates
wasn't sufficient to create a difference between the two films. Another way of saying

this is that either in both cases the partial pressure cycled back to the chamber pressu

or in both cases the dropping of the increased partial pressure of oxygen at the surface

of the film between pulses was too slow to distinguish between the two repetition rates.
The fact that we see a major difference between the outcomes for different chamber
atmospheres would support the former case and this is generally consistent with earlier
results. It seems then, that even though we have cycling in the partial pressure of the
oxygen, the film outcomes, given the rest of the deposition parameters, depend upon the
background partial pressure of oxygen and provided the temperature doesn't become
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too low, say less than 650 °C, the equilibrium diagram, fig 4.24, m a y be used to
determine the optimum combination of values of temperature and partial pressure of

oxygen. It may also be argued that the effectiveness of the annealing that takes place

during deposition, because it is a time and temperature dependent process, will depend
under some circumstances upon the energies of the incident species and the rate at
which material is deposited.
From our previous series of films produced with various combinations of temperatures

and species energies, which we varied by changing the target to substrate distance, we

had concluded that the most significant factor was the species energies. We were still
trying to reproduce the lowest values of FWHM for the co-scan using the Ar/02 mixed
gas. We moved the target to substrate distance to our previous optimum of 55 mm and
produced another film for comparison of the change in energies. The XRD results were

once again similar. The stability of the FWHM after the decrease in target to substrat
separation was a surprising result and suggested that a major parameter, resulting in
reduction of the FWHM of the co-scan (00L) peaks, had not been modified. This pointed
to either the target to substrate separation or the initial fluence.

4.4.4.4 The effect of the atmosphere on the target
We polished two targets that had been cut from the same stock material and exposed
them to 2000 pulses at 300 mJp"1 in 165 mTorr of 02 and Ar/02 respectively. The
targets were examined with SEM. In general the samples, fig 4.31 (a) and (b), look
similar. If anything, stronger cones are seen to have formed in the Ar/02 atmosphere.
There is no indication of redeposition on the cone sides. Honeycombing is seen. The

cones are not large relative to the grains of the target. The formation of the cones t
extent seen, indicated that the fluence was too low.
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Figure 4.31 S E M images of Y B C O targets cut from the same stock material,freshlypolished and

exposed to 2000 shots at 300 mj/p ex laser. The targets were contained in (a) 165 mTorr of oxygen
165 mTorr of argon 92%/ oxygen 8%.
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4.4.4.5 The fluence

We produced another film in O/Ar at 165 mTorr, 700 °C, 10 Hz, at a target to substra

separation of 55 mm and with the laser energy increased to 400 mj/p. The outcome, as
determined by XRD, was c-axis YBCO with FWHM co-scan (00L) peaks equal to 1.6°.
The ratio of the integrated intensifies of the (004) / (006) peaks was 0.0312 and

comparing this result with fig 4.21 (a) and (b) shows the energies too high and or t
temperature too low. We now had supporting evidence for both too high a species

energy and too low a laser fluence. There appeared to be only one possible explanati
that could account for both, this being that there was significant variation across

energy profile of the laser spot on the target. We demonstrated that this was indeed

case by producing a c-axis YBCO film using 80 mj/p ex the laser. Given the attenuati
from laser to target of about 65% and the lens shaped spot on the target of
approximately 20 mm , the fluence, at 80 mj/p ex the laser was less than 0.2 j cm .

Accepting that the ablation threshold for YBCO is about 1.0 j cm"2 we concluded that
the dual lens arrangement, although allowing films to be produced, was creating a

degree of energy variation across the laser spot that precluded any examination of t

impact of the atmosphere on target wear and/or upon particulates originating from th
target.
We had been aware of variations in the energy profile coming from the laser and

maintenance on the laser had not removed it. It was suggested to us that by using pr

exposed photographic paper to assess this variation we may be identifying a detail t
was common to many lasers but usually unidentified. It seems that it is common

practice to use FAX paper to check for mirror alignment etc. and the concurrence wit
laser output specifications is done using an energy meter which measures the total

energy per pulse. It was also our mistaken belief that the use of an optic pathway >
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meters which contained several elements, including the focussing lens and diaphragm,

would lead to an essentially top hat energy profile at the target. We found that u

optic train with the two lenses, as described in chapter 3, we could not produce s
profile. We had originally modified the original optic train i.e. with the single
cylindrical lens, when we encountered target degradation and plume shortening. We

tried again with the single lens but ran into the same problems after making a cou

films. Our investigations into the role of the chamber atmosphere had been sidetra
but it was essential for us to identify the particular shortcomings of our system.

4.4.5 The role of the oxygen in the atmosphere
In section 4.4.3.1 we reported the production of a YBCO film in 15 mTorr partial
pressure of oxygen, as part of a total pressure of 165 mTorr of Ar/02 mixed gas. To

if the ability to produce c-axis YBCO films was contingent on the total pressure, w
firstly reproduced films in 160 mTorr of 02 then in 15 mTorr of 02 as part pressure

160 mTorr of the 92%/8% Ar/02 mix. These films gave similar results to those obtaine

earlier i.e. both produced c-axis YBCO. We then tried to produce films at lower va

of total pressure of 02. In table 4.4 the deposition parameters and values for the
FWHM are listed.
Table 4.4 Deposition parameters and co-scan FWHM values
film
gas
fl21002a
O
fl91002a 8%0/Ar
f091102a
O
O
fl41102a
0
£221102a
fl 51102a
0
£271002a 4%0/Ar
O
fl71102a

Pressure
(mTorr)

Temp

160
160
15
5
1
0.5
166
50

720
720
720
720
720
720
720
720

°C

Distance Energy Frequency
(mm) (mjp-1)
(Hz)

55
65
56
56
56
56
56
56

480
500
500
500
500
500
500
500

10
10
10
10
10
10
10
10

FWHM
( co-scan)

1.4
1.3
0.9
1.3
no (00L)
no (00L)
no (00L)

1.3
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In all cases except for those showing no (00L) peaks the XRD 0-20 scans showed only
c-axis YBCO. Commentary on the specific values returned is subject to the concerns
mentioned earlier, however, it is clear that it is not necessary to have more than 5

of total pressure. The outcomes for the films produced in oxygen, neither support nor
refute the idea of containment of ejectants. The failure to form a film at 0.5 mTorr

1 mTorr is likely due to the instability of YBCO at these oxygen pressures. If one wa
to suggest that if the plume material had been contained, it might be expected that

oxygen from the target, would raise the effective partial pressure and allow for film

growth, one would also have to assume that the effective partial pressure either didn

drop to the chamber pressure, or that if it did, the mobility of the oxygen in the fi
wasn't great enough for any film formed, to break down.
The combination of the two results, i.e. a film in 5 mTorr of 02 and no film in

approximately 6 mTorr of 02 as part of 165 mTorr total pressure, may indicate that the

lower species energies in the latter case fails to create a sufficiently high level o
supersaturation and hence the conditions for deposition. This would then be an
argument for the concept of containment, but would illustrate that the degree of

containment, like most of the deposition parameters, has a window of acceptable value
determined by the interplay of other parameters.
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Concluding remarks

Chapter 5 Concluding remarks
5.1 The Project
The aim of this work was to develop a model of the PLD process. The model would

allow for the determination of the appropriateness of the process for the deposition

any given system of elements, as well as providing a basis for decision making give

certain processing and film outcomes. It should highlight those aspects of the proc
which are critical as well as indicate others which are less important.

This aim evolved after the commissioning of our system and our initial production o
YBCO films. We developed our knowledge of the mechanics of the process, of
superconductors in general and YBCO in particular. We originally wanted to address
aspects of buffer layers and substrates for coated conductors and to increase the
effective thickness of the YBCO films on single crystal substrates. To this end we
acquired a working knowledge of film characterisation techniques including AFM,

XRD, SEM, photolithography and thickness determination. We acquired the capacity to
determine the magnetic properties using magnetometry. We designed, manufactured

and programmed a system for measuring the transport current characteristics of thin

films. We commissioned a mass spectrometer which allowed for residual gas analysis.
We encountered and resolved problems associated with PLD such as the establishment

and maintenance of high vacuum and control of heating and cooling rates at high and
low temperatures.
As these skills and knowledge were acquired we produced YBCO films. We began to

address the questions of our initial aims by using the literature and our own resul

optimise our process. It occurred to us that if the PLD process was understood and i

control parameters were indeed proximate causes for film outcomes we should be able
to reproduce other's results by using their processing parameters. From the wide
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variation in processing parameters reported in the literature and from our own results

we determined that to address our initial questions would require an empirical approac
whose outcomes would be specific to our system alone. We felt that the existence of so
many system specific recipes was a clear indication of gaps in understanding and that
the development of another one was of little use.
Clearly, many investigators had and have an awareness of the process and every aspect
has been intensely scrutinised and reported upon. There are in the literature several

topic reviews that describe the process and summarise the correlations between process
parameters and film outcomes, nevertheless they do not address the questions we raise.

We found that if an overview of the process did exist, it was as a disparate collection

specific outcomes, from which, it was difficult to extract information that would apply
to all systems. We resolved that an attempt to establish the overview specified was a
more useful project than gathering information that would be more than likely nontransferrable.
Having made this decision, the focus of our attention shifted from the product to the
process and even though we looked at the process in the context of the product, the

details of the product's properties maintained significance only to the extent that th
revealed something about the process. We could only come to this position after the
development of our knowledge of superconductivity and the acquisition of the

associated skills. It is because the approach we ended up taking was predicated on this

knowledge and skills that we believe we were justified in including them in the thesis.

5.2 The approach
The questions to be answered were, what makes PLD special, i.e. how is it the same and
how is it different from other film deposition techniques? What are its features that
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make it more or less applicable for particular films? How do the different process
control parameters impact on film outcomes?
We described the vapour deposition of thin films in terms fundamental enough, so that
all processes could be seen to include the stages of evaporation, conditioning and

condensation. The unique characteristics of PLD arise through the interaction of these

stages and we admit the artificiality of looking at these stages in isolation yet beli
that the approach necessary.

Having reviewed the literature, we made several hypotheses as to how these stages were
accomplished and how it was that so much variation in process parameters could arise.
We then tried to design experiments to test these hypotheses.

5.3 To what extent were the aims achieved
What is inarguable about the PLD process is its complexity. Whether or not particular
relationships can be proven as causal is often difficult to ascertain.
We have shown that the fundamental requirement of the evaporation stage is that the
laser target interaction, apart from the removal of material, does not result in
progressive change to the target. This does not necessarily optimise the process
however, because the ancillary aim of minimising particulates, is not guaranteed. We

have shown that it is possible to have established a steady state relationship and yet

have at the same time, areas across the laser spot that are below the ablation thresho

Unfortunately the work that showed this, also made it clear that our lack of control o
the energy profile of the laser spot on the target precluded the verification of the
association between atmosphere and cones and between cones and particulates.
Similarly, although we suggested that the physical interaction between ejectants and
chamber atmosphere resulted in their containment and it was this that resulted in the
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maintenance of the target stoichiometry in the plume, we cannot claim to have proven

that it is so. The use of YBCO as our particular product confounded verification of the
requirement for a particular atmosphere at a particular pressure. It was already clear
from the literature that the dimensions of the visible plume were modified by the
chamber atmosphere and that the time of flight studies revealed shockfronts consistent

with what we had suggested. It can clearly be argued a priori that if condensation take
place and films form, as indeed they do, the average energies of the ejectants must be
shed somehow. That the formation of a high pressure interface between the ejectants
and the chamber atmosphere acts like the skin of a balloon and that the ejectants do
work expanding this balloon thereby shedding some of their energy is contentious. We
believe that stating what happens in this way is justified because it is conceptually

useful. Other parameters being constant, the size and shape of the laser spot determine
the degree of focussing or forward directedness of the plume, as well as the expansion

rates in the transverse directions, and thinking of the skin of the balloon as the inte
for energy shedding poses other questions about the aspect ratio of the laser spot.
We believe that we have been most successful in presenting evidence for the formation
of a high pressure region above the surface of the film. Our model for film formation,

by selective retention of species through multiple interactions between the surface and

the high pressure region, is the only explanation for some of the film features and the
mapping of the substrate features. Correlation between changes to the temporal and
spatial profile of the high pressure region and film outcomes rely on the validity of

certain assumptions. These assumptions are, that changes to the target-substrate distan
would modify the high pressure region, that changing the substrate temperature would

change its capacity to retain species and that the resultant film crystallinity as meas
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by the FWHM of the co-scan on the (001) peaks reflects real changes in the film from
which causal connections may be inferred.
It would have been much better if we could have made direct measurements of the high
pressure region. We anticipate that such a capacity would allow for experiments that
would show that a given pressure profile could be achieved by using a range of
parameters and that particular film outcomes would be shown to correlate with
particular profiles.
In our attempts to make direct measurements of the plume profile we found no readily
available instrument with the required combination of sensitivity and response time.
believe that there are a number of ways in which the required characteristics may be
attained.

Firstly by reflecting a laser spot off a cantilever arm onto a quad diode, similar to

arrangement in an AFM, and relaying the output to an oscilloscope. The cantilever arm
would be placed in the path of the expanding plume and the pattern of its deflection

would be interpreted as the pressure profile. There are several possible problems wit

this approach such as coating of the cantilever arm or obtaining a cantilever arm wit
appropriate spring constant or even obscuration of the laser light during the pulse.

problems of obscuration if encountered in the first approach may be used as the basis
a second. Measurement of the amount of obscuration may be able to be interpreted as
variations in the pressure profile .
In conclusion, we believe that the aims of the project were justified and that the
approaches taken to realise these aims were understandable. They have been satisfied

varying degrees and to the extent that they haven't we have suggested further work th

would be of use. We believe the uniqueness of the PLD process, in comparison to other
vapour deposition processes, emerges from the creation of the high pressure region,
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which we have shown to exist, over the surface of the substrate. This creates such a
degree of supersaturation that the formation of the film is more like the formation of

precipitate from a supersaturated solution then condensation due to a positive differen
between the ambient pressure and the partial pressure of a particular species. If one
believes this model to be a true representation of what happens, and we do, then
considerations of particular film outcomes can be addressed.
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